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ABSTRACT
Niobium silicide-based in situ composites are Nb base alloys with high Si content that 
have the potential for higher temperature capability than the Ni-base superalloys. In 
microstructure-property studies of these alloys, the differentiation between the 
aNbsSig and pNbgSig is usually not clear, even though it is essential to understanding 
the solidification of the alloys and the stability of their microstructures at high 
temperatures.
In this work, the effects of Cr (5 or 8 at.%) A1 (5 or 4 at.%) and Ta (6 at.%) on the 
microstructures of as-cast and heat-treated Nb-24Ti-18Si in situ composites have been 
studied. The main phases observed in the as-cast and heat-treated (at 1400 /1500
°C for 100 h / 200 h) alloys were the niobium solid solution, (Nb,Ti)ss, the silicides, 
(Nb,Ti)3 Si, aNbsSis and pNbgSis, and a Cr-rich C l4 silicide Laves phase. In Nb- 
24Ti-18Si (KZ3) and Nb-24Ti-18Si-5Cr (KZ4), (Nb,Ti)ss was the primary phase, 
while in the Al-containing alloys, Nb-24Ti-18Si-5Al (KZ7), Nb-24Ti-18Si-5Cr-5Al 
(KZ5), Nb-24Ti-6Ta-18Si-5Cr-5Al (KZ6), Nb-24Ti-18Si-8Cr-4Al (KZ2) and Nb- 
24Ti-6Ta-18Si-8Cr-4Al (KZ8), pNbgSig was the primary phase
The as-cast microstructure of KZ3 consisted of primary (Nb,Ti)ss dendrites together 
with faceted (Nb,Ti)3Si and a rod-like eutectic of (Nb,Ti)ss and (Nb,Ti)3Si. The A1 
addition changed the nature of the eutectic; an irregular eutectic of (Nb,Ti)ss and 
pNbsSi3 was formed in the as-cast KZ7. The Cr stabilised the eutectic of (Nb,Ti)ss and 
PNb5 Si3 to lower temperatures and promoted the formation of TisSis in KZ8. In KZ2 
and KZ8, the high Cr-content caused the formation of the Cr-rich C14 silicide Laves 
phase without destabilizing the pNbsSis. This Laves phase existed at the depressions 
of (Nb,Ti)ss dendrites and probably was formed congruently fi'om the remaining 
liquid. This Laves phase with Si > 2.5 at.% can be classified as the ternary p-phase 
proposed by Goldschmidt and Brant, after considering that Si and A1 atoms substitute 
for Cr atoms and that Ti and Ta atoms substitute for Nb atoms.
During heat-treatments, the pNbsSi3 phase transformed to aNbgSis according to the 
precipitation reaction pNb5Si3 —> aNbsSi3  + (Nb,Ti)ss, which retarded by Ta and Cr. 
After heat-treatment, the Ta-containing alloys were homogenised to a lesser extent 
compared to non-Ta-containing alloys. The TisSi3 that formed during solidification in 
KZ8 was not eliminated after homogenization at 1400 ®C for 100 h. Liquation was 
observed after 100 hat 1500 ‘‘C in KZ2 and KZ8, because of their high Cr-content.
Thermo-gravimetric analysis was performed at 800 °C for the 100 h heat-treated 
alloys. “Pest oxidation” was observed in KZ3. The A1 and Cr additions suppressed 
this oxidation mechanism. Higher oxidation rates and lower adherence of the oxide 
scale were observed with increase of the Cr concentration and/or the Ta addition. The 
Cr-rich silicide Laves phase and NbsSi3 silicides with very low oxygen contents 
existed in the oxide scales, indicating that the oxygen solubility in these phases is 
quite low and that they are not oxidised easily. The presence of the oxidation resistant 
Cr-rich C14 silicide Laves phase in the 1400 ®C for 100 h heat-treated KZ2 and KZ8 
did not affect the oxidation rate at 800 ®C, but decreased the oxidation rate at 1200 °C.
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INTRODUCTION
Development of high temperature materials that can be used in the hot sections of gas 
turbine engines is the key factor for improvements in their performance. The benefits 
that are anticipated fi:om advanced high temperature materials are:
• increase in turbine entiy temperature, and, consequently, improvement in cycle 
efficiency and reduction of fuel consumption;
• reduced use of cooling air, which results in reduction of fuel consumption; the 
reduction of fuel consumption and the improvement in cycle efficiency would lower 
CO2  and NO2 emissions;
• weight reduction, which can have major impact on thrust-to-weight performance of 
the turbine;
• and life extension, which leads to reduced maintenance costs.
In the advanced gas turbine engines, the airfoil temperatures at the hottest locations 
are approaching -1150 (Bewlay et a l, 2002). This is close to the limit for nickel- 
based superalloys, since the most advanced superalloys have liquidas temperatures 
~1350 °C. The Ni-base superalloys that are currently used can allow bulk average 
metal temperature of ~1050 These alloys have been improved substantially in the
last four decades and further improvement seems to be very difficult.
Single phase NbsSig has promising high temperature creep behaviour and high 
temperature strength, but very low room temperature fi-acture toughness. This 
intermetallic behaves essentially like a ceramic up to 1500 “C (exhibits no ductility) 
and at room temperature shows cleavage failure with a low toughness of ~3 MPaVm 
(Nekkanti and Dimiduk, 1990). At this level of fracture toughness, the prospect of 
increasing the intrinsic fracture toughness of the silicide is extremely low. Thus, in 
order to make a material with useful fracture toughness an extrinsic toughening 
approach is taken whereby a composite consisting of the silicide and niobium solid 
solution is fabricated.
Niobium silicide-based in situ composites (niobium silicide-based alloys), with NbgSi 
and/or NbgSig have been shown to have balance of high and low-temperature
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mechanical properties. Since the usual composition range of Si in a niobium silicide- 
based alloy is 12-20 at.% Si, the basis for the development of these alloys is the Nb- 
rich portion of the Nb-Si phase diagram, which contains eutectic and eutectoid phase 
transformations.
Studies of Nb-Si in situ composites suggest that these alloys exhibit excellent creep 
strength, but poor oxidation resistance and fracture toughness. Several alloying 
additions have been studied for the elimination of the above deficiencies. Current 
investigations focus on Nb-Ti-(Hf)-Si-Cr-Al in situ composites that consist of 
niobium solid solution, Nbss, and NbsSia silicides, with/without the presence of a Cr- 
rich C14 Laves phase. The presence of the Laves phase improves the oxidation 
resistance of the alloys but is detrimental to their fracture toughness. It has been 
suggested that balance between fracture toughness and oxidation resistance can be 
achieved when the volume fractions of the phases are: 40-45 % Nbss, 45-55 % NbgSis 
and 0-15 % C14 Laves (Bewlay et al., 2003 and Bewlay et al., 2002). In 
microstructure-property studies of these alloys, the differentiation between the a  and 
pNbsSis is not made clear, even though it is essential to understanding the 
solidification of the alloys and the stability of their microstructmes at high 
temperatures.
Studies in Nb-Ti-Hf-Si-Cr-Al system that have been conducted by General Electric 
and Allison Advanced Development Company have shown that niobium silicide- 
based in-situ composites may be capable of being integrated into blade designs with 
substantial benefits in specific high temperature mechanical properties relative to 
fourth-generation superalloy blade designs.
The development of niobium silicide-based in situ composites is a complex alloy 
development problem, since a balance of high temperature strength and creep 
resistance with low temperature ductility, toughness and damage tolerance is required. 
Although there are indications that these alloys are capable of surpassing Ni-base 
superalloys at certain applications, they have different microstructures and different 
behaviour. Their microstructure and their phase stability have not been understood 
fully.
INTRODUCTION ZELENITSAS KONSTANTINOS
The aim of the present study is the development of niobium silicide-based in situ 
composites. The objectives of the study are to understand: (i) the effects of Cr and A1 
on solidification and phase stability of Nb-Ti-Si base alloys, (ii) the effects of Cr and 
Ta on solidification and phase stability of Nb-Ti-Si-A1 base alloys and (iii) the alloy 
oxidation behaviour at 800 ^C. The strategy adopted to achieve these objectives 
involved: (a) the use of EPMA, XRD and TEM to evaluate the microstructures of the 
selected alloys in the as-cast and heat-treated condition and (b) the performance of 
isothermal oxidation tests at 800 ®C and 1200 ^C to make a preliminary assessment of 
the oxidation behaviour of the selected alloys.
This thesis is divided in two parts; Part I refers to the Literature Review and contains 
chapters 1-5, and Part II (chapters 6-9) deals with the experimental results, their 
discussion and the conclusions of this study. In chapter 1, the development of high 
temperature materials that are related to refractory intermetallics is described briefly, 
and basic aspects of the development of niobium silicide-based in situ composites are 
given. In chapter 2, binary and ternary diagrams are presented, which reflect the effect 
of various alloying additions, such as Ti, Hf, Cr and Al, on the stability of the major 
constituent phases that have been observed in the microstructures of recently 
investigated niobium silicide-based alloys. Previous studies on processing and 
microstructures, mechanical properties, and oxidation behaviour are reviewed in 
chapters 3,4 and 5 respectively. Chapter 6 presents the basic considerations that were 
taken into account for the selection of the alloys for this study and also the 
experimental techniques that have been used; the alloys were prepared using cold 
hearth, non-consumable, tungsten arc melting. The experimental results and their 
discussion are given in chapter 7 and 8. The main conclusions that have been derived 
from the investigation of the alloys and suggestions for future work are given in 
chapter 9.
PARTI 
LITERATURE REVIEW
CHAPTER 1 CANDIDATE HIGH-TEMPERATURE STRUCTURAL MATERIALS
CHAPTER 1 
CANDIDATE HIGH TEMPERATURE 
STRUCTURAL MATERIALS
1.1 Introduction
Several refractory intermetallics with melting point higher than 1600 are candidate 
high-temperatui'e materials for surpassing, in terms of operation temperature, even the 
most advanced Ni-base superalloys, which melt at approximately 1350 °C (Bewlay et 
ah, 2002). On the basis of crystal structure type, five principal refractory intermetallic 
groups have been identified (Shah et al., 1995):
1. A15 (NbgAl, CrsSi),
2. D8b Sigmas (NbiAl),
3. C14/C15/C36 Laves (NbCr2),
4. 5-3 silicides (MogSi], NbgSia), and
5. disilicides (MoSi2).
However, ordered intermetallics in monolithic form suffer from inadequate damage 
tolerance and extremely low fracture toughness at low temperatures. In order to deal 
with this matter, the preferred approach is based on “in situ'’ development of two- 
phase/multiphase microstructure, in which the inteimetallics are in equilibrium with a 
ductile phase, a refractory-metal solid solution.
1.2 High temperature intermetallic compounds
1.2.1 Aluminides
The NbgAl phase exhibits the A15 crystal structure and it is extremely brittle at 
temperatures below 1200 °C. Its high melting point (2050 ®C), moderate density (7.26 
g/cm^) and some deviations from stoichiometry enabling its alloying, show that it has 
the potential of being used as a high temperature structural material (Dymek et al., 
1997). Similarly, the high melting point of the intermetallic sigma phase (Nb2Al)
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CHAPTER 1 
CANDIDATE HIGH-TEMPERATURE 
STRUCTURAL MATERIALS
1.1 Introduction
Several refractory inteimetallics with melting point higher than 1600 are candidate 
high-temperature materials for surpassing, in terms of operation temperature, even the 
most advanced Ni-base superalloys, which melt at approximately 1350 (Bewlay et 
al., 2002). On the basis of crystal structure type, five principal refractoiy intermetallic 
groups have been identified (Shah et al., 1995);
1. A15 (NbgAl, CrsSi),
2. D8b Sigmas (Nb%Al),
3. C14/C15/C36 Laves (NbCr2 ),
4. 5-3 silicides (MogSis, NbgSig), and
5. disilicides (MoSi2 ).
However, ordered intermetallics in monolithic form suffer from inadequate damage 
tolerance and extremely low fracture toughness at low temperatures. In order to deal 
with this matter, the preferred approach is based on “in situ" development of two- 
phase/multiphase microstructure, in which the intermetallics are in equilibrium with a 
ductile phase, a reffactory-metal solid solution.
1.2 High temperature intermetallic compounds
1.2.1 Aluminides
The NbsAl phase exhibits the A15 crystal stmcture and it is extremely brittle at 
temperatures below 1200 ^C. Its high melting point (2050 °C), moderate density (7.26 
g/cm^) and some deviations from stoichiometry enabling its alloying, show that it has 
the potential of being used as a high temperature structural material (Dymek et al.,
1997). Similarly, the high melting point of the intermetallic sigma phase (Nb2 Al)
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makes this phase attractive for high temperature applications (Hoelzer and Ebrahimi, 
1990).
1.2.2 Laves phases -  NbCra and ternary C14 silicide Laves phases
Laves phases are an important group of size factor compounds. The composition and 
crystal stmcture in size factor compounds are chosen in such a way as to allow the 
component atoms to pack together well. Particularly, Laves phases are topologically 
close packed phases of approximately AB2  composition, in which the B atoms are 
slightly smaller than the A atoms.
The difference in the sizes of the participating atoms (about 22.5 %) enables closer 
packing to be achieved by forming more complex crystal structures. Most Laves 
phases have either the cubic C l5 (MgCu2) or hexagonal Cl4 (MgZn:) structuies, and 
a relatively small number have the dihexagonal C36 (MgNÎ2) structure. The 
coordination number in the Laves phases is higher than the maximum possible 
coordination number (12) in crystals of closed packed equal spheres (Cottrell, 1967). 
The closest packing of atoms and highest symmetrical arrangement of atoms requhe 
taAb = V3 /V2  = 1.225, where r is the radius of the metal atom (Thoma and Perepezko, 
1990). These geometric restrictions lead to low solubility ranges and brittleness.
According to Bardos et al. (1961), while the ideal radius ratio for Laves phases is 
1.222, in the systems that do have Laves phases the ratio ta/vb is in the range from
1.10 to 1.46, In the transition metal systems. Laves phases that satisfy these atomic 
considerations are absent at average electron concentrations (average number of 
electrons per atom outside the closed shells of the component atoms) of 8, or larger. 
The average electron concentration is a significant factor in determining whether or 
not a Laves phase can occur at all in a given system.
Ternary Laves phases, where silicon atoms are substituting for B-atoms, exist in the 
ternary systems V-Ni-Si and V-Co-Si, for which the ta/yb ratios for the tiansition 
elements are 1.08 and 1.10. The addition of Si increases the average tb  s o  that the 
ta/tb ratios are further removed from the ideal 1.222 (Bardos et al., 1961). This
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suggests that in transition metal systems the absence of the corresponding binary 
Laves phases in not a result of atomic size restrictions, but of the average electron 
concentration; silicon acts as an acceptor of electrons and stabilizes the Laves phase at 
electron concentrations higher than those at which it would normally exist.
Approximately, one thousand binary and ternary Laves phases are known. Silicon has 
been found to form ternary C14 phases in dozens of transition metal systems, 
including Mo(Co,Si) 2  and W(Ni,Si)2 , although there are no binary Laves phase 
silicides (Bardos et al., 1961 and Mital et al., 1978 - both cited in Livingston, 1994). 
These ternary C l4 silicides occur over a wide range of AB2-xSix compositions, but 
most often x = 1 or x = M-. Most binary and ternary Laves phases can incorporate 
substantial amounts of Cr, Al, or Si as substitutional alloying elements, usually on B- 
atom sites (Livingston, 1994).
Several Laves phases have high melting points, and promising mechanical properties 
and oxidation resistance at elevated temperatures. Among them NbCr2  has received 
the most attention. The NbCr2 -polytypes (Cl4, C l5 and C36) exhibit high melting 
temperature (-1770 ^C), a solubility range of at least 5 at.% (Thoma and Perepezko,
1990), excellent creep resistance at 1200 ®C (Anton and Shah, 1990) and excellent 
oxidation resistance. Unfortunately, these phases are also known to be extremely 
brittle, as are most of the refi'actory intermetallics.
1.2.3 Mo and Nb silicides
Silicide-based materials and structural ceramics are among the best known high 
temperature materials that are candidates for applications at operating temperatures 
above 1000 ®C. The advantages and disadvantages of the structural silicides and 
structural ceramics are reflected in table 1.1, in which the properties of MoSi2  are 
listed in comparison to ceramics (Petrovic and Vasudevan, 1999). Both of these 
classes of materials have the disadvantage that they are brittle at low temperature. 
This brittleness of the ceramics is due to atomic bonding of structural ceramics, which 
is typically ionic and/or covalent. On the other hand, in structural silicides, the atomic 
bonding is not completely covalent but it is also metallic. Because of the presence of
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the metallic bonding, there is a possibility of lowering the brittle-to-ductile transition 
temperature by alloying. For ceramics, alloying has been proven ineffective in 
achieving ductility at low temperatures (Petrovic, 2000).
Table 1.1 Comparison between MoSig and silicon-based ceramics (Petrovic and Vasudevan, 1999)
Property MoSiz Ceramics
Toughness
a. Low temperature Poor Poor
b. High temperature Excellent Poor
Creep Very good Excellent
High temperature 
oxidation Excellent Excellent
Thermal shock Excellent Poor
Wear Very good Excellent
Machining Electi'o-discharge machining Diamond grinding
Density Low (6.3 g/cm )^ Lower (3.2 g/cm )^
The silicide MogSig has a higher melting point and greater creep resistance than 
MoSi2  (Petrovic and Vasudevan, 1999). However, its oxidation resistance is 
significantly lower than MoSi2 . Recent studies have shown that boron additions to 
MogSig improve its oxidation resistance, due to formation of a protective boron- 
silicate glass. The approach of boron additions has resulted to multi-phase materials 
and the development of oxidation resistant Mo-Si-B alloys (Parthasarathy et al., 2002 
and Mendiratta et al., 2002).
Niobium intermetallics show a wider solubility of alloying additions, but lower 
oxidation and creep resistance compared to silicides (Shah et al., 1995). Niobium 
silicides display significantly better creep and oxidation resistance than niobium 
aluminides, but have limited alloying potential.
Single phase NbgSig has promising high temperature creep behaviour and high 
temperature strength, but very low room temperature fracture toughness. This 
intermetallic behaves essentially like a ceramic up to 1500 °C (exhibits no ductility) 
and at room temperature shows clehvage failure with a low toughness of -3 MPaVm 
(Nekkanti and Dimiduk, 1990). At this level of fracture toughness, the prospect of
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increasing the intrinsic fracture toughness by increasing the ductility of the silicide is 
extremely low. Thus, in order to make a material with useful fracture toughness an 
extrinsic toughening approach is taken whereby a composite consisting of the silicide 
and niobium solid solution is fabricated.
1.3 Alloy development approaches for advanced intermetallic material systems
Within the spectrum of the advanced intermetallic material systems the current alloy 
development strategies focus on four alloys classes (Dimiduk, et al. 1993): a) Ductile- 
base systems, b) Ductile-Brittle systems, c) Brittle-Ductile systems and d) Brittle- 
Brittle systems.
1.3.1 Ductile-base systems
In the 1960s a number of ductile systems were investigated, which required coatings 
to operate in the temperature range of 500-1500 but could survive a short exposure 
in case of coating failure. Representative alloys of this category were based on the 
Nb-Ti-W and Nb-Al-V ternary systems. However, some of these alloys had limited 
ductility over an extended temperature and were not easily processed into useful 
shapes. These alloys also had a relatively high density, 7,8-8.3 g/cm  ^ for Nb-Al-V 
alloy and S.7-9.2 g/cm  ^for Nb-Ti-W alloys (Jackson and Jones, 1990).
Subsequent studies focused on Nb-Ti based alloys that had Nb:Ti ratios close to 1:1 
(Jackson and Jones., 1990), and densities in the range 5.8 to 6.7 g/cm .^ Such alloys 
are bcc solid solutions and can be alloyed with aluminium and/or chromium and other 
elements for improved oxidation resistance. Specifically, Al additions reduce metal 
loss rate, oxide growth rate and internal oxidation depth. However, these alloys are 
deficient in high temperature strength and creep resistance (Subramanian et al., 1996).
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1.3.2 Ductile-brittle systems
In order to deal with the disadvantages of the ductile-hase systems, studies led to the 
introduction of intermetallic phases in the ductile phase that can result in reasonable 
high temperature properties. Alloying a selected beta (bcc niobium solid solution) 
composition with silicon and/or aluminium can lead to the creation of a refractory 
beta solid solution that exists in equilibrium with one or more silicides and/or 
aluminides. According to this approach there are two alloy classes in this category: a) 
the beta plus aluminide class and b) the beta plus silicide class.
The understanding of beta plus aluminide class of alloys is based on the Nb-Ti-Al 
system. In the partial isothermal section of this system at 1200 ®C, shown in figuie
1.1, the phase fields of interest lie between the beta/ordered beta, the A15 NhgAl- 
based, and sigma NbaAl-based single phase regions. Thus, by alloying complex beta 
alloys, like Nb-Ti based alloys with alurninium it is possible to obtain two-phase or 
three-phase microstructures composed of beta, A15, and/or sigma intermetallics 
(Subramanian et al., 1996). Compositions of phases observed in Nb-Ti-Al-Hf and Nh- 
Ti-Al-Cr alloys are listed in Table 1.2. Their microstructures consist of a p-phase 
continuous matrix and sigma phase (Nb,Ti,Hf)2 Al or (Nb,Ti,Cr)2Al precipitates for 
the Nb-Ti-Al-Hf and Nb-Ti-Al-Cr alloys respectively.
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Figure 1.1 A partial isothermal section o f the Nb-Ti-Al system at 1200 (1473K), showing the
beta/B2, A15 Ô, and a phase fields (Subramanian et al., 1996). The shaded region was investigated by 
Jackson and Jones, (1990).
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Table 1.2 Compositions of selected baseline beta alloys. Corresponding Beta-Aluminide alloys and 
observed phases (at. %) (Subramanian et al., 1996).
Baseline Beta Alloys Two-Phase Alloys Phases at 1200 **C
Nb-38Ti-12Hf-18Al Nb-30Ti-12Hf-28Al Beta: 14Nb-51Ti-l lHf-24Al
Sigma: 34Nb-23Ti-12Hf-3IAl
Nb-40Ti-10Cr-10Al Nb-27Ti-10Cr-24Al Beta: 41Nb-27Ti-10Cr-22Al
Sigma: 45Nb-21Ti-8Cr-26Al
Another important alloy system within the ductile-brittle system category is the beta 
plus silicide class. Multiphase alloys that consist of beta phase plus one or more 
refractory silicides have been obtained by alloying Nb-Ti-Al beta alloys modified 
with Cr or Hf, with Si (Table 1.3). These alloys are thermodynamically stable up to at 
least 1500 °C, which means that they have the potential to be used for high- 
temperature applications.
Table 1.3 Compositions of selected baseline beta alloys. Corresponding Beta-Silicide alloys, and 
observed phases (at. %) (Subramanian et al., 1996).
Baseline Beta 
Alloys Two-Phase Alloys Phases at 1500 C
Nb-38Ti-12Hf-18Al Nb-29Ti-12Hf-15Al-8Si
Beta: 42Nb-32Ti-9H f-7Al-<lSi
(Nb,Ti,Hf)5(Si,Al) 3  silicide:
20Nb-20Ti-21 H f -9A1-30SI
Nb-40Ti-10Cr-10Al N b -30T i-9C r-llA l-llS i
Beta: 42Nb-33Ti-12Cr-12A l-1 Si
aNbsSia: 37Nb-25Ti-2Cr-6Al-30Si
TisSia: 32Nb-30Ti-2Cr-5Al-31Si
1.3.3 Brittle-ductile systems
The brittle-ductile system approach has to do with the reinforcement of a high- 
melting intermetallic phase with a ductile, refractory phase. These alloys have been 
called refractory-metal intermetallic in situ composites (RMICs). The main 
characteristic of these high temperature materials is their intrinsic thermodynamic 
stability.
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Initially, in these systems, research focused on two-phase systems, in which the two 
phases are in thermodynamic stability over the entire useful temperature range. 
Systems in which research has been reported are Nh / NbsSis, Nb / NbCra, Nb / 
NhgAl, Ti / TisSis and V / VgSi (Davidson et al., 1996).
The main representatives of this approach have been the two-phase Nb/NbsSia alloys, 
which are based on the niobium-rich side of the Nb-Si phase diagram. From model 
binaiy Nb-Si alloys entire families of ternary, quaternary, and higher order alloys 
have been developed to generate niobium silicide-based in situ composites with 
improved oxidation performance and mechanical behaviour.
1.3.4 Brittle-Brittle systems
Brittle-brittle systems are composites with structural silicide matrices and ceramic 
reinforcements, and possess high melting points, chemical inertness at elevated 
temperatures, as well as elevated temperature strength. This development approach is 
similar to the toughening approach that has been developed for ceramic composites, 
like Sic fiber - SiC matrix composites. Brittle-brittle systems have been developed for 
industrial applications that require materials with fracture toughness levels in the 
vicinity of 10 MPaVm and are operational above 1200 °C in oxidizing and aggressive 
environments. The most investigated composites of this class are those with MoSi2  
matrix, namely the MoSi2-ZiD2 , MoSi2 -Al2 0 3 , MoSiz-SiC, MoSi2-SÎ3N4 and MoSi2 - 
Si3N4-SiC composites (Petrovic, 2000).
1.4 Niobium silicide-based in situ composites
Niobium silicide-based in situ composites are high temperature materials that have the 
potential of replacing cunent Ni-based superalloys at the hot-sections of the turbine 
engines. These are niobium alloys that contain 12-22 at.% Si, and they consist of a 
ductile niobium solid solution, Nbss, and creep resistant silicides.
12
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Studies on Nb-Si in situ composites suggest that these alloys exhibit excellent creep 
strength, but poor oxidation resistance and fracture toughness (Mendiratta and 
Dimiduk, 1989 and Jackson et al., 1996), Several alloying additions have been studied 
to confront the above deficiencies. Current investigations that seem to be fiuitfiil 
regarding these aims have been directed towards Nb-Ti-Hf-Si-Cr-Al in-situ 
composites that consist of niobium solid solution, Nbgs, and NhgSig silicides, with / 
without the presence of a Cr-rich C14 Laves phase (Bewlay et al., 2003, Bewlay et al., 
2002, Bewlay et al, 1996, Subramanian et a l, 1997 and Zhao et. al, 2001a). The 
presence of the Laves phase improves the oxidation resistance of the alloys hut is 
detrimental to their fracture toughness. It has been suggested that balance between 
fracture toughness and oxidation resistance can be achieved when the volume 
fractions of the phases are: 40-45 % Nbss, 45-55 % NbgSi] and 0-15 % Cl4 Laves 
(Bewlay et a l, 2003 and Bewlay et a l, 2002).
13
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CHAPTER 2 
PHASE EQUILIBRIA
2.1 Introduction
The present understanding of phase stability in the niobium silicide-based in situ 
composites has been developed in parallel with the alloy development efforts. Binary 
Nb-Si alloys, and ternary, quartenary and higher order in-situ composites, which 
combine acceptable mechanical properties at low and high temperatures with 
improved oxidation properties, have been studied. Current investigations have 
concentrated on alloys of the Nb-Ti-Hf-Si-Cr-Al system (Bewlay et al., 2003, Bewlay 
et al., 2002, Balsone et. al., 2001, Zhao et. al., 2001a and Subramanian et al., 1997).
According to Zhao et al. (2003) the ternary systems that are critical in understanding 
the six element system are the following: Nb-Ti-Si, Nb-Hf-Si, Nb-Cr-Si, Nb-Si-Al, 
Nb-Cr-Al, Ti-Si-Cr, Ti-Si-Al, Ti-Cr-Al, Nb-Ti-Cr and Nb-Ti-Al. The phase equilibria 
of Nb-Si-X systems (X = Ti, Hf) have been explored more extensively (Bewlay et al., 
2002, Zhao et al. 2001a and Zhao et al. 2001b), probably, because unlike Cr and Al 
additions, Ti and Hf improve the oxidation resistance, without being detrimental for 
the fracture toughness. Hafrdum is also added because it is a strong solid solution 
strengthener of the niobium solid solution.
In this chapter, binary and ternary phase diagrams are discussed that reflect the effect 
of various alloying additions, such as Ti, Hf, Cr and Al on the stability of the major 
constituent phases that have been observed in the recently investigated niobium 
silicide-based in situ composites. Since Ti concentrations in these composites are not 
lower than -20 at.%, particular emphasis is given not only to the Nb-Si phase diagram 
but also to the Nb-Ti-Si system.
14
CHAPTER 2 PHASE EQUILIBRIA
2.2 The Nb-Si phase diagram
The Nb-Si phase diagram (fig. 2.1) contains seven stable phases: the liquid (L), the 
bcc W-type terminal solid solution (Nb), the tetragonal TigP-type NbgSi, the 
tetragonal WsSig-type pNbgSig, the tetragonal CrsSig-type aNbgSig, the hexagonal 
CrSia-type NbSig, and the diamond cubic type solid solution (Si). According to this 
diagram, niobium solid solution, (Nb) and aNbgSig are virtually immiscible up to 
1765 °C. The variation of Si solubility with temperature is very small in (Nb) (small 
change in Si solubility at temperatures exceeding 1200 *^C) and negligible in aNbgSig. 
Thus, these two phases exhibit high degree of thermodynamic stability and little 
coarsening after a heat treatment of 100 h at 1500 (Mendiratta and Dimiduk,
1991).
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Figure 2.1 Nb-Si phase diagram (Schlesinger et al., 1993).
Investigations on the Nb-Si system have also revealed the foimation of several 
metastable phases, which are stabilized, mainly, by interstitial impurities (e.g. 
carbon). The characteristic reactions of the Nb-Si system (fig, 2.1) are listed in table
2.1, while the metastable phases are listed along with the stable phases in table 2.2.
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Table 2.1 Characteristic reactions of the Nb-Si system in fig.2.I (Schlesinger et al., 1993).
Composition of the respective Temperature ReactionReaction phases, at. %Si CC) type
L ^  (Nb) 0 2467 Melting
L ^ ( N b )  + Nb3 Si 17.5 3.5 25 1915 Eutectic
L + pNbsSis ^  NbaSi 19.5 37.5 25 1975 Peritectic
NbîSi ^  (Nb) + aNbsSis 25 1 . 6 35.5 1765 Eutectoid
L pNbgSig 37.5 2515 Melting
NbaSi + pNbsSis *-* aNbsSia 25 37.5 37.5 1935 Peritectoic
PNbsSia aNbjSia + NbSij 39.5 38.5 66.7 1645 Eutectoid
L<e-^pNb5Si3 + NbSi2 57 40.5 66.7 1895 Eutectic
L NbSi] 66.7 1935 Melting
L <^N bSi2 + (S i) 98 6 8 . 8 1 0 0 1395 Eutectic
L ^  (Si) 100 1414 Melting
Table 2.2 Crystal structure data for the Nb- Si system (Schlesinger et al., 1993)
Composition Pearson Space StrukturberichtPhase Prototypeat.%Si Symbol Group designation
(Nb) 0 -3 .5 cI2 Im3m A2 W
Nb3 Si$ "25 tP32 P 4 /n — TbP
2  aNbsSi3 3 6 .7 -3 9 .8 tl32 14/mcm D 8 , Cf5Si3a
3  PNbjSij 37.5 - 40.5 tI32 I4/mcm D 8 m WsSi3
5^  NbSi2 64.9 - 6 8 . 8 hP9 P6 4 2 2 C40 CrSi2
(Si) 1 0 0 cF8 Fdân A4 C(diamond)
Nb?Si 8 -1 3 c** - - -
Nb4 Si 2 0 hP* - C6 ? e-Fe3N
1  Nb3Si-m 1 0 - 2 2 cF8 Pm%n A15 C%SiJBa
Z Nb3Si-m' 1 0 -2 7 cF4 Pm3m A1 Cu
1  . . . —^  Nb3 Si-m" 25 cP4 Pm%n LI2 A uCU3
s
Nb3 Si I 25 t** - - -
yNb5Si3 37.5 hP16 P6 3 /mcm D 8 g MnsSi3
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The Nb-Si phase diagram indicates that the aNbsSis phase forms after the 
decomposition of the NbgSi via an eutectoid reaction NbsSi bcc(Nb) + aNbsSia at 
1765 or as a peritectoid transformation product of the primary pNbsSia in 
hypereutectic alloys. There are two NbgSia phases (aNbsSia and pNbsSia) based on 
the tI32 structure with different structure type (CrsSia and WsSia). The NbaSi (tP32) is 
essentially a line compound, while the aNbsSia or pNbsSia exhibits a small 
homogeneity range (table 2.1).
The usual composition range of niobium silicide-based in situ composites is 12-20 
at.% Si (Zhao et al., 2001a) and, therefore, the reactions of most interest are the 
eutectic transformation of the liquid to (Nb) and NbaSi, and the eutectoid 
decompositions of NbaSi to (Nb) and aNbsSia . The composites solidify with the bcc 
(Nb) and the NbaSi during casting, although the equilibrium phases are (Nb) and 
aNbsSia. The decomposition kinetics of NbaSi is very sluggish, requiring a minimum 
heat treatment of 100 h at 1500 (Mendiratta and Dimiduk, 1991). The volume 
fraction of silicide depends on whether the silicide type is NbsSia or NbaSi. For 
instance, at 18 at.% Si, the volume fraction of the silicide is ~0.5 and -0.7 for the 
NbsSia and NbaSi respectively. The silicide volume fraction is important because it 
conti'ols the fracture toughness and creep resistance of the composites.
A typical microstructure of an as-cast hypoeutectic Nb-Si alloy (fig. 2.2a) consists of 
large primary (Nb) dendrites and a fine eutectic, which is a mixture of NbaSi and (Nb) 
rods. After heat tieatment at 1500 °C for 100 h, the NbaSi phase transforms to the 
equilibrium aNbsSia and (Nb) via a eutectoid transformation, and the microstructure 
consists of lai ge primar y (Nb) dendrites that are surrounded by a mixture of (Nb) and 
aNbsSia (fig. 2.2b). The backscattered SEM images in figure 2.2, also, indicate the 
presence of black mottles in the primary (Nb) dendrites. Thin-foil TEM (transmission 
electron microscopy) observations have shown that these were incoherent small 
particles of -0 .5  pm size (Mendiratta et al., 1991). Cockeram et al. (1991) identified 
these precipitates as the NbaSi phase, which indicates that this precipitation occurred 
due to the decreasing Si solubility in the Nb phase with decreasing temperature.
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, 5 0 ^
Figure 2.2 Backscattered electron (BSE) images of the microstructure of the Nb-lOSi alloy: (a) in the 
as-cast condition and (b) after 100 h at 1500 ®C. (Mendiratta et al., 1991).
The binary niobium silicide-based in-situ composites have excellent creep strength, 
but poor oxidation resistance and poor room temperature fracture toughness. In the 
following sections, the effects on phase equilibria of alloying elements that are added 
to eliminate the deficiencies of the binary composites are described.
23  Ti addition in the Nb-Si system
Titanium is one of the most important alloying elements in niobium silicide-based in 
situ composites, since it improves both oxidation resistance and room temperature 
fracture toughness (Zhao et al., 2001a). The effect of Ti on the phase equilibria of the 
composites can be understood by studying the Nb-Ti-Si system. The phases that are 
considered here are the niobium bcc solid solution, (Nb,Ti) and the NbsSi, NbsSia, 
TisSi] and TigSi phases. The Ti-Nb and Ti-Si systems that contain the bcc (Nb,Ti) and 
the titanium silicides, TisSig and TigSi, are presented before the Nb-Ti-Si system.
2.3.1 The Ti-Nb phase diagram
The equilibrium solid phases of the Ti-Nb system (fig. 2.3) are:
1. the bcc (pTi,Nb) solid solution; Nb and Ti are completely miscible in this phase 
above 882 °C; and
2. the low-temperature cph (aTi) solid solution; the solubility of Nb is restricted in 
this phase.
18
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The Nb lowers considerably the temperature stability of the cph (aTi) solid solution. 
It is evident that the bcc (PTi,Nb) solid solution is the dominant phase in this diagram.
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Figure 2.3 Ti-Nb phase diagram (Murray cited in Massalski, 1986a).
2.3.2 The Ti-Si phase diagram
The Ti-Si phase diagram (Fig. 2.4), contains nine stable phases:
(1) the liquid (L),
(2) the bcc terminal solid solution (PTi),
(3) the cph terminal solid solution (aTi),
(4) the stoichiometric tetragonal TiaP-type TiaSi,
(5) the hexagonal MngSia-type TisSia with a homogeneity range of about 4at.%,
(6) the tetragonal Zr5Si4 -type Ti5Si4 ,
(7) the stoichiometric TiSi,
(8) the stoichiometric TiSi2  and
(9) the diamond cubic (Si) solid solution.
The TiaSi and NbaSi phases are isomorphous, while TigSia and NbsSia are not 
isomorphous and have the 132 and hP16 crystal structures, respectively. According to
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the Ti-Si phase diagram, the TisSig phase forms via a eutectic reaction at 1330 or 
congruently at 2130 ”C in hypereutectic alloys, while the TigSi phase forms by a 
peritectoid reaction between TigSig and (pTi) at 1170 ®C.
Weight Percent Silicon
£0 30 80
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Atomic Percent SiliconTi
Figure 2.4 Ti-Si phase diagram (Murray cited in Massalski, 1986a).
2.3.3 The Nb-Ti-Si system
Subiamanian et. al. (1994), Bewlay et al. (1995a), Bewlay and Jackson (1997 and
1998) and Zhao et. al. (2001a) have carried out detailed investigations of the Nb-Ti-Si 
system. A space diagram of the Nb-Ti-Si system and the projection of the liquidus 
surface for compositions between 0 and 37.5 at.%Si are shown in figure 2.5. The 
three-dimensional diagram makes noticeable that with increasing Ti concentration the 
NbgSi phase is stabilized to lower temperatures. On the other hand, as shown in the 
projection of the liquidus surface, a eutectic groove extends between the two eutectic 
reactions of the Nb-Si and Ti-Si system, L NbgSi + (Nb) at 1880°C, and L <-+ 
TigSig + (Ti) at 1330 ®C, which means that Ti additions reduce the melting
2 0
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temperature of the in-situ composites. These reactions indicate that there is a change 
in the nature of the eutectic groove, and, consequently, of the liquidus surface with 
increasing Ti content.
25 '^C
2130C
(a)
40a/o Si
0 00
Nb TIX » H
(b)
Figure 2.5 (a) Nb-Ti-Si ternary phase diagram (Zhao et. al., 2004) and (b) liquidus projection for 
compositions between 0 and 37.5 at.%Si (Zhao et al., 2001a).
The characteristic reactions in the liquidus projection are explained in figure 2.6. 
Asserting that a peritectic reaction occurs between Nb(Ti)$Si3 and Ti(Nb)sSig, L + 
Nb(Ti)$Si3 ^  Ti(Nb)$Si3 , a peritectic groove (or ridge) is created that falls towards 
the valley between the binary eutectics. At first, the peritectic groove intersects a 
peritectic ridge that extends from the Nb-rich side of the phase diagram (L +
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Nb(Ti)sSi3 (Nb,Ti)3 Si), at 1600-1650 ®C. At this intersection a transition reaction 
takes place;
L + Nb(Ti)5Si3 ^  (Nb,Ti)3Si + Ti(Nb)5Si3 
Finally, the modified peritectic ridge intersects the eutectic groove, and, thereby, a 
second transition reaction occurs, at 1350°C:
L + (Nb,Ti)3Si (Nb,Ti,Si) + Ti(Nb)sSi3 
The above description has been based on microstructural studies on directionally 
solidified (DS) alloys (Bewlay and Jackson, 1997 and 1998).
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Figure 2.6 (a) Reaction ridges in the projection of the liquidus surface, (b) Partial Scheil reaction 
scheme for the Si-lean region (Bewlay and Jackson, 1997).
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Earlier studies focused on Nb- and Ti-rich alloys with Si concentration up to 37.5 
at.% in the temperature range of 1340-1500 "C (Bewlay and Jackson, 1998, 
Subramanian et. al. 1994). Recent studies have been performed in the temperature 
range of 1000-1200°C for higher Si concentrations (Zhao er. al. 2004 and Xu et. al., 
2005). A recent isothermal section of the Nb-Ti-Si system at 1200 ®C, below the L <-» 
TisSis + (Ti) binary eutectic, but above the (Ti) + TigSi] Ti]Si binary peritectoid 
(below 1330 and above 1170 ®C, respectively) is shown in figure 2.7. It can be 
seen that there is three-phase equilibrium among (Nb,Ti,Si), NbsSia and (Nb,Ti)aSi. 
The Ti solubility in NbsSia is ~30at.%, and the solubility of Nb in TisSia is also high, 
-20 at.% (fig. 2.7).
Si
é -
NbSi,
y
Figure 2.7 Isothermal section of the Nb-Ti-Si system at I200°C (Zhao et. al., 2004).
The above liquid-solid and solid-solid phase equilibria show that Ti additions: 
^  reduce the melting temperature of the in-situ composites 
^  stabilize the (Nb,Ti)aSi to lower temperatures, and 
^  promote the formation of an hexagonal TisSia phase (hPl 6).
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According to Zhao et al. (2001a), the amount of Ti addition has to be limited to <25 
at.% in order to:
i. maintain the melting (eutectic) temperature of the composites above 1700 so 
as to retain good strength to the potential temperatures of use, (1200-1400 °C), and
ii. to avoid the formation of the TisSia phase (hP16), which was found to be 
detrimental to the creep-rupture strength of the composites.
2.4 The Nb-Hf-Si system
According to the Nb-Hf-Si phase diagram, plotted as a 3D projection in fig. 2.8a, Hf 
additions like Ti additions, reduce the L bcc(Nb,Hf) + Nb(Hf)aSi eutectic 
temperature, but to a lesser extent. Furthermore, unlike Ti, increase of Hf 
concentration does not stabilize the Nb(Hf)aSi phase to lower temperatures (fig. 2.8a). 
Since this phase does not appear in the isothermal section of the Nb-Hf-Si phase 
diagram at 1500 (Fig. 2.8b), the eutectoid Nb(Hf)3 Si bcc(Nb,Hf) + Nb(Hf)sSi3 
temperature must be above 1500 ®C.
In the isothermal section of the Nb-Hf -Si phase diagram at 1500”C (1773K) ten 
phases are observed (there are no isomorphous silicides in the system):
^  Two Nb-Hf solid solutions: P(Nb,Hf,Si) and a(Hf,Nb,Si), with low Si 
concentrations.
Three silicides with Hf in solid solution: Nb(Hf)3 Si, Nb(Hf)sSi3 , and Nb(Hf)Si2 .
■Z Five silicides with Nb in solid solution: Hf(Nb)Si, Hf(Nb)5 SÎ4 , Hf(Nb)3 Si2  
Hf(Nb)sSi3, Hf(Nb)2Si.
Zhao et. al (2001b) suggested that Hf additions to the composites should be less than 
-10 at.%, in order to avoid the formation of both H^Si and HfsSis at lower 
temperatures. Like the hP16 TigSis phase, the hP16 HfsSis phase can be detrimental to 
the creep strength of the composite.
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Figure 2.8 (a) Schematic 3-D projection of the Nb-Hf-Si phase diagram, (b) Isothermal section of the 
estimated equilibrium Nb-Hf-Si phase diagram at 1500 ®C (Zhao et al, 2001b).
2.5 Chromium additions in the Nb-Ti-Cr-Si system
In generall, Cr additions of > 5 at.% in the Nb-Ti-Cr-Si system can lead to the 
stabilization of a Laves phase in the composite (Fig. 2.9). In order to understand the 
phase equilibria in this system, the Nb-Cr and Ti-Cr phase diagrams, as well as
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isothermal sections of the Nb-Cr-Si and Ti-Cr-Si systems are described in the 
following sections.
NbTiSi solid so lu tions 
NbCrSi solid so lu tions 
interior to NbTiCrSi q u a te rn a ry  field
1200 °C M5 SI3hP16
Laves
Si>modlfled 
Laves
Figure 2.9 Single-phase fields for Nb-Ti-Cr-Si phase equilibria at 1200 “C (1473 K) for compositions 
up to 38 at.%Si (single phase fields originating from Cr-Si binary are omitted for simplification) 
(Bewlay et al. 2002).
2.5.1 The Nb-Cr phase diagram
Studies in the Nb-Cr system have shown that although there are large discrepancies in 
the reported locations of the phase boundaries, there is agreement upon the main 
characteristics of the phase diagram. According to the assessed phase diagram, shown 
in figure 2.10, there are five phases: the liquid (L), the congruently melting 
intermediate phase, Cr2Nb(HT), the low temperature cubic form, Cr2Nb(LT), and the 
terminal solid solutions (Cr) and (Nb) (table 2.3).
The congruent melting temperature of Cr2Nb(HT) is 1770±50‘’C. The Cr2Nb(HT), 
forms a eutectic with each terminal solid solution, (Nb) and (Cr): 
at ~12 at.% Nb and 1620±40 °C for the Cr-rich eutectic, and 
at ~50 at.% Nb and 1650±50 °C for the Nb-rich eutectic.
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In the temperature range between 1585 and 1625 ^C, the Cr2Nb(HT) transforms to 
the Cr2Nb(LT).
Weiijhl P e r c e n t  Niobiutn0 10 2^  30 40 &0 fiO 00 00
2000o
5 1600
Cr,Nb(LT)
30 6010
Cr A to m ic  P e r c e n t  N io b iu m \ b
Figure 2.10 Cr-Nb Phase diagram (Venkatraman and Neumann, 1986).
Table 2.3 Crystal structure data for the Cr-Nb system (Venkatraman and Neumann, 1986). 
HomogeneityPhase
(Cr)
Cr2Nb(HT)
Cr2Nb(LT)
(Nb)
at.% Nb
0 - 6  
30-39 I 
30-39 
85 -100
Pearson Space Strukturbericht PrototypeSymbol Group designation
cI2 Im3m A2 W
. hP12 j  Pôg/mmc 1 C14 MgZu2
cF24 Fd3m C15 Cu2Mg
cI2 Im3m A2 W
2.5.2 The Ti-Cr phase diagram
According to the Ti-Cr phase diagram (fig.2.11) the equilibrium solid phases are:
1. the cph (aTi) solid solution, in which Cr has small solubility;
2. the bcc (pTi,Cr) solid solution; Ti and Cr are completely miscible in this phase in 
a narrow temperature range below the congruent melting point;
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3. the aXiCr2 , PTiCf2 and yTiCr2 Laves phases with the C l5, C l4 and C36 structures 
respectively; the transition reaction between the low temperature pTiCr2 and high 
temperature yTiCr2 is unknown and is indicated on the assessed diagram by a 
dotted line; yTiCr2 may not be an equilibrium phase.
The crystal structure data of these phases are listed in the table 2.4.
Weight Per cent  Chromium
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Figure 2.11 Ti-Cr phase diagram (Murray cited in Massalski, 1986b).
Table 2.4 Crystal structure data for the Cr-Ti system (Murray cited in Massalski, 1986b)
Phase Composition Pearson Space Strukturbericht Prototypeat.% Cr Symbol Group designation
(PTi,Cr) 0 to 9 cI2 Im3m A2 W
(aTi) 0 to 0.2 hP2 P63/mmc A3 Mg
aTiCr2 63 to 65 cF24 Fd3m C15 MgCu2
PTiCrz 64 to 66 hP12 P63/mmc C14 MgZu2
yTiCrz 64 to 66 hP24 P63/mmc C36 MgNi2
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2.5.3 The Nb-Cr-Si system
The study of the Nb-Cr-Si system can show the effect of Si addition to the stability of 
the Laves phases. Goldschmidt and Brant (1961) determined an isothermal section of 
the Nb-Si-Cr ternary phase diagram at 1000 °C (fig. 2.12).
aNbsSia
ATOMC % CHI40MIJM
Figure 2.12 Section of the Nb-Si-Cr phase diagram at 1000 °C (Goldschmidt and Brant, 1961).
According to this isothermal section (fig. 2.12), three-phase equilibrium exists among 
niobium solid solution, the aNbsSia and the p-phase. The p-phase is a ternary 
compound that has similar structural characteristics with the C l4 Cr2Nb (table 2.3); it 
is a hexagonal hP12 Laves phase of MgZn2 type, with lattice parameters a = 4.89 Â 
and c = 7.99 Â. This C l4 ternary phase begins to replace the Cl 5 Cr2Nb (table 2.3) at 
silicon content as low as 2.5 at.% and has considerable solubility for all three primary 
elements.
Another point of interest in this system is the presence of both aNbsSis and pNbgSig. 
According to the Nb-Si phase diagram (fig. 2.1), the NbsSia exists in two allotropie
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forms: as aNbsSia at temperatures up to approximately 1935 °C and pNbsSia at higher 
temperatures. At 1000 ”C the aNbsSia has considerable solubility for Cr, Nb and Si, 
but with increased Cr the ternary phase P with the pNbsSia structure appears at 20 to 
25 at.% Cr. This ternary phase has the tetragonal tI32 structure of WsSia type, with 
lattice parameters a = 9.88 A and c == 4.93 A. According to Zhao et al. (2003) this 
phase probably is a supersaturated metastable phase that has been fonned during 
solidification and has not been decomposed to equilibrium phases after annealing at 
1000 ®C for 336 h.
Recently, isothermal sections of the Nb-Cr-Si and Nb-Ti-Si (fig. 2.7) systems have 
been determined using difftision multiples of high purity Nb, Cr, Si, and Ti pieces, 
which were loaded into HIP cans made of commercial purity Ti and electron beam 
welded (fig. 2.13). Firstly, HIP was performed at 1204 °C (1477 K) and 200 MPa for 
4 h, and then annealing at four different temperatures: 1200 ®C for 1000 h, 1150 
for 2000 h, 1100 ^C for 4000 h and 1000 T  for 4000 h. From the 1150 ^C isothermal 
section of the Nb-Cr-Si system (Figure 2.14) that was obtained using this method it 
can be seen that at 1150 %:
^  The Cr solubility in the bcc (Nb) and NbgSig is ~3 at% and 10 at% respectively. 
Laves phases are not in equilibrium with bcc (Nb) and NbsSia in the ternary 
system.
■R cai
^EBW eld
EBWeld
Nb-Cr-Si(a) (b)
Figure 2.13 Diffusion multiple for efficient mapping o f the Nb-Cr-Si and Nb-Ti-Si ternaiy phase 
diagrams: (a) cross-sectional view and (b) perspective view (Zhao et al, 2003). The dashed circle 
indicates the region that was examined after the long-term heat treatment for gathering phase 
equilibrium information for the Nb-Cr-Si system.
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Si
(Cr,Nb)eSi5
CrSiz
Cr
Nb(en8%
CIS-NbCr,
Cr,Nb)iiSi,
NbsSia
Nb
Figure 2.14 The 1150 °C isothermal section of the Nb-Cr-Si ternary system obtained from the 
diffusion multiple (Zhao et al., 2003).
In composites processed at high temperatures (cast or directionally solidified (DS)), 
the C l4 Laves phase was observed to co-exist with bcc (Nb) and NbgSig (Zhao et. al., 
2001a). According to thermodynamic modelling of the Cr-Nb-Si system by Shao 
(2004), the niobium solid solution cannot be in direct equilibrium with the ternary 
CrNbSi phase, but it can coexist with the C l4 Laves phase and the aNbgSi]. The 
diffusion multiple approach used by Zhao et al. (2003) was based on the basis of local 
equilibrium at interfacial regions and is quite efficient, but the resultant data should be 
verified with other approaches. This is quite important, especially if it is considered 
that on some occasions, due to unclear reasons, one of the equilibrium phases can not 
be formed by interdiffusion reaction (Zhao et al., 2003).
2.5.4 The Ti-Cr-Si system
Based on the 1000 °C isothermal section of the Ti-Cr-Si system (Fig. 2.15) 
constructed by Lysenko et al. (1971), it can be seen that no TiCrSi phase exists. The
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quaternary information obtained from the Nb-Ti-Cr-Si -junction in the centre of the 
difftision multiple (Fig. 2.13) could probably provide more data at higher 
temperatures. Also, the solubility of Cr in both bcc (Ti) and TigSig is very high, 45 
at.% and 23 at.% respectively, which means that Cr is a stabiliser of these phases. On 
the other hand the small solubility of Cr in Tig Si phase indicates that Cr additions do 
not favour the existence of this phase.
Si
TiSqCrSij
CrStj TtSt
Cr rt
Figure 2.15 Isothermal section of the Ti-Cr-Si system at 1000 ®C (Lysenko et aL, 1971).
2.6 The role of Al additions
2.6.1 Al additions in the Nb-Ti-Si-Al system
Studies to construct a partial isothermal section of the Nb-Al-Si phase diagram at 
1500°C that is given in figure 2.16, have indicated that the solubility of Al in bcc (Nb) 
and in NbsSig is ~8 at.% and 12 at.% respectively, but only 3 at.% and 5 at.% when 
bcc(Nb) and NbgSig are in equilibrium. For Al additions beyond 5 at.%, an A 15-type 
NbgAl phase appears in this system. In this case, the bcc (Nb), NbsSig and NbgAl 
three-phase region becomes narrow with increasing titanium content, and exists up to 
about 20 at.% Ti (Murayama and Hanada, 2002).
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Si
MbnSi,
t!32
Nb NbaW nm iA15(5> tP30(<j)
Figure 2.16 A partial section of the Nb-Si-AI system at 1500°C (Pan et ai., 1984, cited in Zhao et al., 
2001a).
According to the partial isothemial section of the Ti-Al-Si system at 1200 (Figure 
2.17), in the p-phase (bcc (Ti)) and TisSis two-phase region, increasing the Al content 
reduces the solubility of Si in the p phase, and the solubility of Al in the P phase is 
over 15 at.%. It is reasonable to conclude that increasing Ti additions in Nb-Ti-Si-Al 
system, increases the solubility of Al in the niobium solid solution (desirable for 
oxidation resistance), and consequently the extent of the two-phase bcc (Nb) and 
NbgSig region (when the ratio of Si content to Al content is above 1).
T i
TLSi;
Figure 2.17 Partial isothermal section of the Ti-Al-Si system at 1200"C (1473K) (cited in Azevedo and 
Flower (1999) and is based on the studies of Wu et al. (1989) and Von Schob et al. (1962)).
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In the same partial isothermal section of the Ti-Al-Si phase diagram at 1200 ®C, it is 
worth noticing that the TigSi phase does not exist. This phase has not been observed 
even in isothermal sections of the Ti-Al-Si phase diagram at lower temperatures, 
between 700-900 “C (Azevedo and Flower, 1999). Thus, Al additions like Cr additions 
may destabilize the TigSi.
2.6.2 Al additions in the Nb-Ti-Si-Cr-Al system
In the previous section it was shown that in Nb-Ti-Si-Al alloys, Al additions are 
incorporated into the bcc (Nb) and NbgSig phases. In alloys with Cr additions (> 5 
at.%), the Al additions may favour the formation of C14 Laves phase (Zhao et al., 
2001a and Bewlay et al., 2002). The isothermal section at 1000 °C of the Nb-Cr-Al 
system (fig. 2.18) shows that almost all the phase field boundaries tend to emanate 
from the C14 Laves phase, which indicates that the free energy of formation of this 
phase is greater than the others. Thus, according to this diagram, the Al additions 
promote the formation of the C14 Laves phase instead of the A15 NbgAl phase. This 
means that regardless of the Ti content, Al additions even beyond 5 at.%, seem to help 
the formation of the bcc(Nb), NbgSig and C14 Laves phases in Nb-Ti-Si-Cr-Al alloys.
Cl 5-^1 IOOO”C
C14'Lsm
M),AI NbAlj Al
Figure 2.18 Isothermal section at 1000 °C of the Nb-Cr-Al system (Hunt and Raman, 1968 - cited in 
Zhao et al., 2001a).
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2.7 Phases and microstructures in Nb-Ti-Hf-Si-Cr-AI alloys
Subramanian et al. (1997) have studied the effect of alloying Nb-NbsSia in-situ 
composites with Ti, Al, Hf and/or Cr on microstructural evolution and phase 
equilibria. The Nb-Ti-Cr-Al-Si alloys that were studied are listed in table 2.5.
Table 2.5 Nb-Ti-Cr-Al-Si alloy compositions and compositions of the phases (Subramanian et al., 
1997).
Alloy
design ntion
Analyzed composition. 
at.%(Nb-Ti-a-Al-Si)
Condition Composition of phases, at.%.
n 5:3 Nb-siiiddc 5:3 TMiUcldc
Alloy I" 31Nb-31Ti-IOCr-10AJ oast+iaxrqioob 29.SNb-42.OTl-lO.OCr 36.4Nb-25.3Ti-l.9Cr 2l.6Nb-39.4Tl-2.lCr
-ISSi -17.7Al-0.5Si -4.3Al-311Si -6.4AI-30.5Si
Alloy 2 41Nb-33Ti-lOCr-7Al C^l4l2{XrC'100h 43.SNb-35JTt-12.SCr 37.7Nb-25.2Ti-0.5O- 26.9Nb-34.8Tl-l.2Cr
-9Si -7.aAl-0.7Si -l.7AI-34.9Si -3.4Al-33.7SiAlloy 3 38Nb-29Tl-aCr-l2Al Owt + 1200^'100 h 39.3Nb-M.7Ti-ll.0Cr 41.2Nb-21.0Ti-l.3O 27.7Nb-34JTl-l.6Cr
-I3SÎ -14.4Al-0.dSi -7.OAl-29.SSi -6.6AI-29.9Si
Alloy 4 39Nb-30Ti-9Cr-llAI Ckst + lSOCrC'TOO h 41.6Nb-33.0Tl-U.9Cr 36.9Nb-25.4Ti-2.10 32.0Nb-30.lTi-l.7Cr-llSi -l2.SAl-l.0Si -6.OAl-29.6Si -5.0Al-31.lSi
Alloy 5 36Nb-34Ti-9Cr-9Al Cbst 4 ISOCrCTOO h 42.SNb-35.8Ti-13.lCr 34.4Nb-27.2Ti-2.0O 30.5Nb-30.7Ti-2.6Cr-15SI -7.3Al-I.0Si -3.4Al-33.0Si -2.SAI-33.4Si
Alloy 6 3SNb-3rn-SCr-lOAl Cast4l500»C,']00 h 41.SNb-335Ti-ll.SCr 37.9Nb-24.ITi-2.30-13SI -12.QAl~0.9Si -5.6AI-30.lSi
Alloy T 4INb-27Ti-SCr-9Al Entriidod: 1300*Q‘ 43.lNb-3a.0Ti-12.3Cr 38.5Nb-23.9rn-2,40-l5Si 4:l4l500'Cl(X)h -ll.SAl-0.BSi -6.4Al-28.fôi
Alloy 3 40Nb-26Tt-8Cr-9AI Entnidod; I400*C/ 3B5Nb-34JTi-12.3Cr 36.7Nb-24.3Ti-2.30-17SÎ 4:l4lSOO«C/100h -13.7Al-l.0Si -6.SAl-30.2Si
Alloy 9 45Nb-28Ti-SCr-4AI CiEisl4lS00”C‘24h 5I5Nb-32.0Ti-10.OCr 37.lNb-25.lTi-l.90 30.2Nb-31.9Ti-l.2Q-
-IBSi -S.7Al-0.5Si -Z6AI-33.3SÎ -2.QAl-34.7SiAlloy 10 45Nb-28Ti-5Cr-2Al Cb3t4l900®C/100 h 52.SNb-33.7Ti-9.SCr 42.6Nb-19.m-0.5O 29.6Nb-32.2Ti~l.0Cr
-19SÎ -3.2AI-0.5Si -l.2Al-35.8Si -l.0Al-36,lSiAlloy 11*' 52Nb-2STl-2Cr-2Al Cbst4l4(M’C’100 h 59.4Nb-30.9Ti-4.2O: 40.9Nb-21.7Ti-0.10 29.5Nb-32.9Ti-0.5Cr
-16SI —4.6A1—l.OSi -0.9Al-36.4Si -1.9Al-35JSi
* An Eidditiona] Cr-rich phase (CrzNlybase) with composition 2INb-l(iTl-SlCr-SAl-7Si (ailo),' I) or 27Nb-lSTi-47Cr-5Al-6Si Cailoy 7) was also obaervod.
Non-oquUibrium micnostiucturc; contained pardaHy aotranslbroiad (Nb. Ti)jSl phase with composition 51.5Nb-23.2Ti-0.3Cr-0.lAl-24.9Si in 
the hcat-tKatcd condition (Fig, 2d).
Most of the alloys consisted of either two phases, niobium solid solution, (Nb,Ti)ss (13- 
phase in table 2.5 and in figs 2.19 and 2.20) and NbgSig, or three phases, (Nb,Ti)ss, 
NbsSia and TisSia depending on the Nb:Ti ratio in the bulk composition. In some 
alloys, an additional Cr-rich phase was observed, probably a CrzNb Laves phase with 
the other alloying elements in solid solution.
The alloys 1-8 in table 2.5 that contain high Al and Cr levels had microstructures 
consisting of a continuous or near continuous (Nb,Ti)ss-matrix, within which the 
refi-actory silicides were dispersed (Fig. 2.19a). On the other hand, Nb-Ti-Cr-Al-Si 
alloys with low Cr and Al concentrations alloys 9-11 in table 2.5, showed an almost 
co-continuous distribution of the (Nb,Ti)ss and silicide phases (fig. 2.19b). This 
microstructure is similar to that of the Nb-Si alloys; in which the microstructure
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consists of large primary Nb dendrites distributed within a matrix of co-continuous 
Nb and NbgSig. Furthermore, when the Cr + Al additions were too low (e.g. the Nb- 
28Ti-2Cr-2Al-16Si alloy in the cast + 1400®C heat-treated condition) an NbgSi-type 
silicide was present, which means that this silicide had undergone partial eutectoid 
decomposition to (Nb,Ti)ss and NbsSig. This happens, also, as it has already been 
mentioned, in the hypoeutectic Nb-NbsSi] region of the Nb-Si system. Thus, by 
lowering the Cr and Al concentrations, the Nb-Ti-Si-Cr-Al system approximates the 
binary Nb-Si system, in terms of phase equilibria and microstructural evolution.
BETA MgSIg
50 pm ^■ 200 «*) w
BETA
M.SI
Figure 2.19 a) Alloy 6 (Nb-31Ti-8Cr-10Al-13Si) after heat-treatment at 1500 "C for 100 h. b) Alloy 9 
(Nb-28Ti-2Cr-2Al-l6Si) after heat-treatment at 1400 “C for 100 h (Subramanian et al., 1997). Beta 
refers to the niobium solid solution, (Nb,Ti)ss.
Subramanian et al. (1997) have further explored the alloying additions in Nb-Ti-Hf- 
Cr-Al-Si alloys. Hafnium partitions mainly to the silicides, while both the Cr and Al 
partition primarily in the (Nb,Ti)ss. Figure 2.20 shows the effect of Hf on the phase 
equilibria and the microstructures of Nb-Ti-Cr-(Hf)-Al-Si alloys. The microstructure 
of a cast + 1500 °C heat-treated Hf-containing alloy (Nb-25Ti-8Hf-2Cr-2Al-16Si) is 
compared vrith the microstructure of a cast + 1500 “C heat-treated non-Hf-containing 
alloy (Nb-28Ti-2Cr-2Al-16Si) of the same overall Cr, Al and Si concentrations. The 
Hf-containing alloy consisted of blocky NbsSig-base silicides and (Nb,Ti)ss grains 
surrounded by the silicide precipitates, while the non-Hf-containing alloy showed the 
presence of (Nb,Ti)ss and metastable NbgSi-type silicide, which had undergone partial 
eutectoid decomposition to (Nb,Ti)ss and NbgSi]. Furthermore, examination of an 
alloy vrith lower Hf content (Nb-26Ti-4Hf-2Cr-2Al-14Si) than the previous Hf- 
containing alloy, showed microstructural features similar to the non-Hf-containing
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alloy. Therefore, it seems that the formation of the metastable NbgSi-type silicide is 
impeded by increasing the Hf concentration.
3:1 SILICIDE
BETA
SO ,
5:3 SILICIDE 5:3 SILICIDE
BETA
N b + T i + C r  io
NbjSi3 (TisSia )
SI+AI
#  47Nb-25TI-8Hf-2Cr-2AI-16SI (GE Alloy)
■  52N b-28T I-2C r-2A I-16SI
Figure 2.20 Pseudo-ternary isotherm for Nb-Ti-(Hf)-Cr-Al-Si alloys at 1500 °C (Subramanian et al., 
1997). Beta refers to the niobium solid solution, (Nb,Ti)ss-
According to Subramanian et al. (1997), in order to obtain a co-continuous 
distribution of (Nb,Ti)ss and silicide phases in Nb-Ti-Hf-Cr-Al-Si alloys, the 
composition is restricted by the following relationships:
Nb/Ti > 1, Hf = 2-4 at.%, Cr = 2-5 at.%, Al = 2-5 at.% and Si = 16-18 at.%. 
These composition ranges refer to equilibrium microstructures, and for this reason 
processing has to be considered. Specifically, the cast + heat treated multicomponent 
alloys show non-equilibrium microstructures, and in most cases further thermo­
mechanical processing, such as forging or extrusion is required, for the formation of 
the equilibrium microstructures.
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CHAPTERS 
PROCESSING
3.1 Introduction
The development of niobium silicide-based in situ composites as high temperature 
materials is based on the ductile phase toughening. The approach of ductile phase 
toughening depends on the composite microstructure and, specifically, on the volume 
fraction and the dispersion of the ductile phase. The effectiveness of this approach can 
be enhanced significantly if not only the alloy composition but also the processing 
route can provide an important role in the control of the distribution of the toughening 
phases in these in situ composites.
The high melting temperatures and reactivity of complex niobium silicide-based in 
situ composites necessitate the use of more sophisticated processing schemes than 
those employed for existing turbine and compressor airfoils. It is not possible to use 
the melting and investment-casting technologies that are used for current nickel-base 
superalloys. Solid-liquid processing is severely limited by the high meltihg 
temperatures and reactivity of these complex alloys, and by the capability of suitable 
mould materials. A variety of processes have been used to generate niobium silicide- 
based in situ composites, which include arc casting, directional solidification, physical 
vapor deposition (PVD), forging (secondary processing), extrusion (secondaiy 
processing), powder metallurgy and foil-laminate processing (Bewlay et al., 1999a). 
The most widely used methods for niobium silicide-based in situ composites include 
arc melting plus extrusion/directional solidification (DS).
3.2 Vacuum arc melting
Conventional consumable and non-consumable vacuum-arc-melting techniques have 
been used to produce niobium silicide-based in situ composites containing Hf, Mo, 
Ta, Ti, Cr and Al. Vacuum-arc-melting has the advantage of producing ingots large 
enough for prototype component manufacture, and it is also compatible with well- 
established conventional processing techniques. On the other hand, it has poor
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solidification control, poor control of the concentration of volatile elements, randomly 
oriented composite structures, and a population of relatively large-scale defects. Large 
thermal gradients can also be introduced during ingot casting into water-cooled 
copper crucibles, and the multi-component niobium alloy ingots can suffer macro­
cracking.
Usually, arc melted ingots are subjected to subsequent heat-treatment or thermo­
mechanical processing. Examples of thermo-mechanical processing techniques are: 
forging (Subramanian et al., 1997), extrusion (Mendiratta et. al., 1991, Mendiratta and 
Dimiduk, 1993 and Subramanian et al., 1997) and hot isostatic pressing (Mendiratta 
et. al. 1991). In figure 3.1, the microstructure of a Nb-26Ti-4Hf-2Cr-2Al-14Si alloy in 
the as cast + heat-treated condition is compared to the microstructure of this alloy 
after forging and heat treatment. It is clear that in the forged + heat-treated condition 
the NbgSi phase that existed in the initial non-equilibrium microstructure has 
undergone eutectoid decomposition to niobium solid solution, (Nb,Ti)ss and NbsSi].
50 |jm 50 pm 
' I
Figure 3.1 Backscattered SEM images of a Nb-26Ti-4Hf-2Cr-2Al-14Si in-situ composite: (a) in the as 
cast + 1400"C/100h condition, and (b) after forging at 1400^C to 80% reduction, followed by heat- 
treatment at 1500"C/100h (Subramanian et al., 1997). Beta refers to (Nb,Ti)ss.
3.3 Directional solidification
Directional solidification results in a microstructure that is columnar, with the long 
axis of the grains parallel to the stress direction, or a monocrystal. Thus, the grain
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boundaries are eliminated peipendicular to the stiess direction, and creep performance 
can be improved. Directional solidification techniques have been used to obtain 
monocrystal high-temperature turbine blades, in which stress is predominant in one 
direction, the axial direction of the blade (Reed-Hill and Abbaschian, 1994). The 
Chochralski crystal growth technique is the main one that has been used for the 
fabrication of niobium silicide-based in situ composites.
3.3.1 Float-zone processing
The optical imaging float zone (OIFZ) process, developed by Pope et al. (1994) and 
Shah et al. (1995) (cited in Bewlay et al,, 1999a), is based on the principle of zone 
melting, where a small part of the rod-type charge is melted, and then the molten zone 
is translated along the rod. The molten zone is retained in position by surface tension 
between two collinear rods of the same alloy and, as a result, a crucible is not required 
to retain the melt. The OIFZ system used by Pope et al. is illustrated in figure 3.2; the 
system consists of two 3.5 KW tungsten halogen lamps enclosed in a double 
ellipsoidal, water cooled copper chamber.
W ntar C ooled  
Elllpoofctal
Q u a rttT u b a
Food Rod
Figure 3.2 Schematic diagram of optical imaging float zone (OIFZ) process (Bewlay et al. 2002).
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In addition to the optical-imaging heat source, induction heating and electron beam 
sources have been used for the directional solidification of high temperature 
composite materials. Electron beam heating sources require high vacuum, and, hence, 
it is difficult to use with alloys that contain species with a high vapour pressure. 
Induction heating sources require the sample to be a conductor, but have the 
advantage that the electromagnetic levitation forces may be used to contain the molten 
zone, and thereby allow the growth of samples with a larger diameter.
The OIFZ technique is very clean and applicable to a range of different materials. On 
the other hand, there are several disadvantages:
^  The specimen size is limited by a compromise between liquid surface tension and 
the hot-zone dimension.
The starting material must possess a high level of homogeneity.
Evaporation of volatile species, such as chromium, and condensation on the 
furnace tube can lead to decrease of the heat input from the optical source and 
destabilization of the directional solidification conditions.
Thus, the OIFZ technique is very usefiil for small-scale samples; demand to scale up 
this technique has not yet arisen.
3.3.2 Chochralski crystal growth
The Chochralski crystal growth technique (Bewlay et al., 1994a, 1994b, 1995b, 1999a 
and 2002) is a flexible method that has been used for high temperatuie alloys derived 
fi*om Nb~Si, Cr-Si, Cr-Nb and Mo-Si binary systems. In this process, shown in figure 
3.3, the alloys are induction-levitation melted in a segmented water-cooled copper 
crucible and then a previously prepared seed of the alloy is lowered into the melt and 
withdrawn at a controlled rate. This method is performed under vacuum or inert gas. 
Because of the volatility of some alloying elements, it is usually performed under an 
atmosphere of ultra high purity argon. The directionally solidified products are 
approximately 1cm in diameter and approximately 10cm long.
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CooWCcppgfCrudMa
Figure 3,3 Schematic diagram showing Czochralski directional solidification (Bewlay et al,, 2002).
A charge of 50-100 g has been used for directional solidification studies of niobium 
silicide-based in situ composites. The alloys are prepared from high purity elements 
and are melted three or more times prior to directional solidification, in order to 
ensure homogeneity prior to directional solidification. The melt is partially levitated 
by the electromagnetic field generated by the induction coil, and partially supported 
by the solidified bottom of the alloy, which is formed against the hearth of the 
crucible. The stirring induced by the electromagnetic field homogenizes the melt.
Lowering a previously prepared seed crystal of the same alloy into the melt and 
withdrawing the seed at a constant and controlled rate, the alloy is then directionally 
solidified. The seed is attached to a water-cooled pulling rod, whose rate of 
withdrawal and speed of rotation are controlled with a programmable microprocessor. 
The seed is rotated at constant speed (for example 20 rpm) to improve the thermal 
symmetry during directional solidification. The growth rates that have been used 
range from 0.5 to 15 mm/min, depending on the alloy composition and the preferred 
structure. During the directional solidification, the temperature gradient in the crystal 
and the temperature distribution in the melt are monitored using an IR camera.
Niobium silicide-based in situ composites with various compositions have been 
produced with this method. For example, Nb-Si alloys with compositions from 12 to
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18.2 at.% that have been produced by Bewlay et al. (1994a and 1994b) contained 
primary (Nb) dendrites aligned with the growth direction, together with an inter- 
dendritic eutectic of fme-scale (1-2 pm) (Nb) in a NbgSi matrix (fig. 3.4).
Qrowtn Direction100 pm
Figure 3.4 Backscattered SEM images of (a) the longitudinal and (b) the transverse sections of the Nb- 
14 at,%Si alloy directionally solidified at 5 mm/min (Bewlay et al,, 1994a).
3.3.3 Bridgman method
In the Bridgman approach (fig. 3.5), the alloy is induction-levitation melted in a 
segmented water-cooled copper crucible and afterwards is withdrawn in a controlled 
manner through the electromagnetic field (that is used to induction-levitation melt the 
alloy charge in the crucible). Segmented water-cooled copper crucibles have been 
used to produce directionally solidified ingots with diameters up to 50 mm.
RFColl
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Figure 3.5 Cold-cnicible Bridgman-type directional solidification (Bewlay et al., 2002).
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3.4 Extrusion
Bewlay et al., (1999a) have reported some observations on extrusions that have been 
produced using consumable arc-melted large castings. These ingots have been 
machined and placed in molybdenum cans with wall thickness of 6mm. The canned 
alloys have been heated in an induction furnace to a temperature between 1400 and 
1600 °C, and extruded through tool-steel dies maintained at 260 °C, at extrusion ratios 
in the range of 3-10. This scheme provides a composite microstructure aligned with 
the extrusion direction and an acceptable process yield.
In-situ (Nb)-Nb$Si3 composites produced by arc melting have been extruded and then 
heat-treated (Mendiratta et al. 1991 and Mendiratta and Dimiduk, 1993). In some of 
these extruded alloys the fracture toughness values were greater than 20 MPaVm (in 
the extrusion direction). Extrusion caused several major modifications to the 
microstructure of these Nb-Si alloys, including phase alignment, reduced grain size, 
(Nb) hardness, (Nb)-Nb5Si3 interphase orientation relationship, and the reduction of 
flaws such as pores and cracks. Figure 3.6, shows the microstructure of a Nb-lOSi in 
situ composite extruded at 1426 at an extrusion ratio of 4.5:1 and heat-treated at 
1500 °C / 100 h. It can be seen that the primary-(Nb) particles are aligned in the 
extrusion direction. This microstructure (fig. 3.6), contrary to that one observed for 
directionally solidified hypoeutectic alloys (fig. 3.4), is thermodynamically stable, 
since the Nb3 Si is not present.
2 0 0 m 5 0 i i  m
Figure 3.6 (a) and (b) Microstructure of the longitudinal section of the extruded + heat-treated (1500 
”C / 100 h) Nb-lOSi alloy. Nb particles are aligned with the growth direction, together with a eutectoid 
of secondary-Nb particles within the NbgSig matrix (Mendiratta et al., 1991).
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CHAPTER 4 
MECHANICAL PROPERTIES
Niobium silicide-based in situ composites offer promising combination of low 
temperature and high temperature mechanical properties. In this chapter emphasis is 
given to three fundamental mechanical properties: (a) the fracture toughness, (b) the 
yield strength (as a function of temperature) and (c) the secondary creep rate.
4.1 Fracture toughness
The toughness of niobium silicide-based in situ composites exhibits a strong 
dependence on composition and thermo-mechanical treatment. Figure 4,1 shows 
fracture toughness values for arc-cast Nb-Si alloys (binary alloys), in the arc cast, arc 
cast + heat treated (at 1500 for 100 h), extruded, extruded + heat treated (at 1500 
for 100 h), directionally solidified and directionally solidified + heat treated 
condition (at 1500 °C for 100 h).
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Figure 4.1 Effect of Si concentration on the fracture toughness of Nb-Si alloys (data from Bewlay et 
al., 1994a, Mendiratta and Dimiduk, 1993 and Mendiratta et al., 1991).
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According to figure 4.1, in hypoeutectic directionally solidified alloys the ffactuie 
toughness increases linearly with decreasing Si concentration, while for the 
hypereutectic alloys, the fi*acture toughness increases with increasing Si 
concentration. Heat-treated hypoeutectic alloys exhibit increase in fracture toughness 
over the as-solidified equivalents. Furthermore, the firacture toughness of directionally 
solidified Nb-Si alloys is greater than that of arc-cast alloys of equivalent 
compositions, but less than that of extruded alloys of equivalent compositions. The 
better fracture toughness of the extruded alloys is probably due to the fact that usually 
the extruded microstructures are thermodynamically stable, which means that NbgSi is 
absent.
The effectiveness of niobium solid solution to impart ambient-temperature ductility 
and increased fracture toughness depends critically on its composition, interstitial 
element contents (O, N, C), microstructure and defects. According to the study of 
Begley of binary niobium solid solution alloys (cited in Chan, 2001), Mo, W, V and 
Zr, like A1 and Or, embrittle the Nbss, and raise the brittle-to-ductile transition 
temperature (BDTT), This is due to the fact that Nb is a body-centred cubic (bee) 
transition metal and the ductility of bcc transition metals (groups IVB to VIIB and 
VIII in the periodic table of the elements) is a result of dislocation motion, which is 
controlled by stress level and thermal activation of dislocations over the Peierls 
energy barrier.
The Peierls (or Peierls-Nabarro) stress represents m  upper bound to the stress 
necessary to move a dislocation through a crystal (Hertzberg, 1996). The magnitude 
of the Peierls stress decreases with the increase of: (a) the width of the dislocation 
(which represents a measure of the distance over which the lattice is distorted because 
of the presence of the dislocation), and (b) the distance between similar slip planes. 
Slip is preferred on closely packed planes, since the distance between planes increases 
with planar atomic density and, consequently, the Peierls stress decreases. The 
dislocation width is dependent on atomic structure and the nature of the atomic 
bonding forces. When bonding forces are spherical in distribution and act along the 
line of centres between atoms, the dislocation width is large. On the other hand, when 
bonding forces are highly directional the dislocation width is narrow and the Peierls 
stress correspondingly large.
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In transition metals, the hybridization between the s and d electrons gives 
characteristics of both metallic and covalent bonding; d electrons have high 
directional orbits that promote covalent bonding, while the s electrons have spherical 
orbits that impart metallic bonding. The number of d and s electrons per atom is a 
good indication of the extent of directional bonding and, consequently, of the 
magnitude of the Peierls stress. The elements of group VIB, Cr, Mo and W, have half ­
filled the d-shells (five electrons per atom), and consequently, the highest extent of 
directional bonding. Addition of Cr to Nb (group VB) increases the number of the 
outer d and s electrons, enhances covalent bonding and results in higher Peierls stress 
and lower ductility. The elements of group IVB, Ti, Zr and Hf lower the number of 
the outer d and s electrons and should increase the ductility of Nb.
The mechanism responsible for the decrease in fi'acture toughness and tensile ductility 
with addition of A1 in Nb has not been established. According to Chan (2001), A1 
addition in niobium solid solution prevents the emission of dislocations, promotes the 
nucléation and propagation of cleavage cracks from the crack tip, and leads to 
reduction of fracture toughness.
According to Zhao et al. (2001a), additions of Ti and Hf improve the fracture 
toughness of Nb silicide-based in situ composites. Earlier investigations on Nb-Cr-Ti 
systems (Davidson et al., 1996 and Davidson and Chan, 1999), have also 
demonstrated that Ti additions are beneficial for improving the f  acture toughness of 
solid solution alloys and in situ composites. On the other hand, Davidson et al. (1996) 
and Davidson and Chan (1999) have noted that Cr and A1 additions are detrimental 
for the fi’acture toughness of the niobium solid solution. Studies of cast beta (niobium 
solid solution) alloys suggest that for Nb:Ti ratios of 0.8-1.67, the A1 plus Cr levels 
should be below 20-22 % to maintain ductility (Jackson and Jones, 1990).
According to Bewlay et al. (2002), a f  acture tougliness of 20 MPa4m is a minimum 
value that is required for critical components in the turbine engines. A directionally 
solidified Nb-24.7Ti-8.2Hf-2.0Cr-l.9Al-16.0Si alloy that contained MgSi 
intermetallic faceted dendrites (where M is Nb, Ti and Hf), a small amount of MgSig
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intermetallic, and an interdendritic eutectic of MaSi and Nbss, exhibited fracture 
toughness of -22 MPa^fm (Bewlay et al., 2002).
4.2 Yield strength as a function of temperature
Niobium silicide-based in situ composites have attractive strength at high 
temperatures (T >1000 ^C) (Subramanian et al., 1997, and Bewlay et al., 2002). 
Figure 4.2 shows the yield strength as a fimction of temperature for two Nb-Ti-Cr-Al- 
Si alloys, a directionally solidified Nb silicide-based in situ composite, a single- 
crystal superalloy (PW1480), an extruded Nb+NbsSia model alloy, as well as of a beta 
(niobium solid solution) Nb-Ti-Cr-Al alloy.
j I i
 ^ nb-Tii-rtNdf-Ài-âi »
Figure 4.2 Yield strength vs. temperature data (in ah) for cast and heat tr eated Nb-31Ti-8Cr-10A]-13Si 
(alloy #6 in table 2.5, Subramanian et al., 1997) and extruded + heat-treated Nb-27Ti-8Cr-9AI-17Si 
(alloy #7 in table 2.5, Subramanian et al., 1997), a directionally solidified Nb-Ti-Hf-Cr-Al-Si in situ 
composite o f composition Nb-24.7Ti-8.2Hf-2.0Cr-l.9Al-16.0Si (Bewlay et al. 1996), a single-crystal 
superalloy (PW1480), an extiuded Nb + Nb^Sb model alloy (Nb-lOSi, Mendiratta et. al., 1991), and a 
beta Nb-Ti-Cr-Al alloy (Nb-40Ti-10Cr-10Al, Jackson and Jones, 1990).
According to the preceding data, the cast + HT Nb-Ti-Cr-Al-Si alloy possesses good 
high temperature strengths up to at least 1100 in air. This alloy, when compared to 
the beta Nb-Ti-Cr-Al alloy, has similar strength at temperatures below 600 and
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superior strengths at elevated temperatures. On the other hand, at temperatures above 
1000°C its strength is lower than that of the extruded Nb + NbgSis model alloy.
The microstructure of the cast + HT Nb-Ti-Cr-Al-Si alloy consisted of discrete 
silicide particles distributed in a continuous niobium solid solution matrix, while the 
extruded Nb + NbgSig model alloy had a co-continuous distribution of niobium solid 
solution and silicide phases. Probably, the continuous niobium solid solution in the 
cast + HT Nb-Ti-Cr-Al-Si alloy might have limited its high temperature strength.
Figure 4.2, also, includes data for a directionally solidified Nb-Si based in-situ 
composite (Nb-24.7Ti-8.2Hf-2.0Cr-l.9Al-16.0Si, Bewlay et al. 1996). This alloy 
shows superior strengths at temperatures above 1000 ^C, probably because of its 
aligned microstructure (Nbss dendrites, MgSi intermetallic dendrites, a small amount 
of an MsSia intermetallic, and an interdendritic eutectic of MgSi and Nbss). 
Unfortunately, its intermediate-temperature strength (400-1000 ®C) requires 
improvement (Bewlay et al. 2002), since it is substantially lower than the strength of 
the Ni-based superalloy. This is also the case for the cast + HT Nb-Ti-Cr-Al-Si and 
the beta Nb-Ti-Cr-Al alloy, but not for the extruded + HT Nb-Ti-Cr-Al-Si alloy 
(equiaxed microstiucture of an MsSia intermetallic with the Nbss as the continuous 
matrix).
In general, niobium silicide-based in situ composites have also attractive yield 
strength at high temperatures (T>1000®C), but their intermediate-temperature strength 
(400 ®C to 1000 °C) requires further improvement (Bewlay et al. 2003, Bewlay et. al. 
2002 and Subramanian et al. 1997). Molybdenum, W, V, Zr and Ta are solid-solution 
strengthening elements that are expected to have a positive effect on the creep 
behaviour' of the niobium solid solution (Balsone et. al., 2001).
4.3 Creep behaviour
The creep behaviour of the niobium silicide-based in situ composites is controlled by 
a combined function of the creep in the silicide and metallic phases and is 
significantly influenced by the creep behaviour of the intermetallics (silicides or
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Laves) that can be present in their microstructure. Creep studies have indicated that 
the creep defonnation of monolithic NbsSis is controlled by the diffusion of Nb in the 
NbsSis phase (Subramanian et al., 1995).
Studies in the primary and steady state creep regimes of Nb / NbsSis in situ 
composites by Henshall and Strum (1994) and Henshall et al. (1995 and 1997) 
revealed that the creep behaviour of the in- situ composites is dominated by the 
silicide phase. This is the reason why the role of the volume fraction of silicide (or Si 
concentration), is crucial for the control of the composite creep behaviour. Figure 4.3 
shows the effect of stress on secondary creep rate for a range of quaternary alloys 
(Nb-Ti-Hf-Si) with Si concentrations from ~12 to ~22 at.%, which provide volume 
fractions of the Nbss from 0.70 to 0.30 respectively.
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Figure 4.3 The effect of volume fraction of silicide on secondaiy creep rate of niobium silicide-based 
in-situ composites for stresses o f 140-280 MPa at 1200 °C (Bewlay et al. 2002),
According to figure 4.3;
At Si concentration lower than 12 at.%, the composite secondary creep rate is very 
poor, because the creep performance depends on the creep behaviour of the Nbss.
^  Increasing the Si concentration from 12 at.% leads to a minimum secondaiy creep 
rate at ~ 18%Si (volume fraction of silicide ~ 0.60).
^  At Si concentration greater than ~20 at.%, the level of the secondary creep rate 
has to do with the damage of the silicide.
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The microstructure of binary Nb / NbgSig in situ composites, such as Nb-lOSi and Nb- 
16Si, consists of large primary Nb particles and a matrix of co-continuous niobium 
solid solution and NbgSig eutectic. The steady state creep of such composites is 
substantially lower than that of the Nb(Si) solid solution (Bewlay et al., 1999b) and 
higher than the monolithic silicide at a given stress (Subramanian et al., 1995). The 
creep exponent is about 2 for the in situ composite (Bewlay et al., 1999b), 1 for the 
NbsSia (Subramanian et al., 1995) and 5.8 for the Nb (Henshall and Strum, 1994 and 
Henshall et al., 1995) or the Nb(Si) solid solution (Henshall et al. 1997).
Bewlay et al. (1999b, 2002) examined the effects of alloying additions such as Hf, Ti, 
Cr, A1 and Mo on compression creep behaviour of directionally solidified niobium 
silicide based in-situ composites. The compression creep tests were performed in a 
vacuum of -4x10'^ Torr, at a temperature of 1200 "C and at stress levels in the range 
70 — 280MPa (each sample was held at each stress level for 24 hours). Tables 4.1 and
4.2 show the secondary creep rates of these in situ composites that were determined 
from the slope of the strain-time data for a range of Nb-Hf-Ti-Si alloys and Nb-8Hf- 
25Ti-16Si modified with Mo, or with A1 and Cr.
Table 4.1 Secondary creep rates at 1200 "C for a range of Nb-Hf-Ti-Si alloys (Bewlay et al., 1999b).
Composition
Nb-7.5Hf-16Si
Constituent Creep Rate (s'*)
Phases 140MPa 210MPa 280MPa
Nbss, Nb^Si 2.3x10* 4.0x10'* 4.8x10*
Nb-7.5Hf-2lTi-16Si Nb,s, NbiSi 2.1x10'* 3.2x10* 1.2x10*
Nb-7.5Hf-33Ti-16Si
Nb-12.5Hf-21Ti-16Si
Nb-12.5Hf-33Ti-16Si
Nbss, NbsSi 
(Ti,Hf)5Si3 
Nbss, Nb)Si 
(Ti,Hf)sSi3 
Nbss, Nb3Si 
(Ti,Hf)5Si3
1.6x10'^ 3.9x10*
5.5x10
3.8x1 O'
4.8x10"
Failed
1.1x10'
Failed
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Table 4.2 Secondary creep rates at 1200 "C for Nb-8Hf-25Ti-16Si modified with Mo, or with AI and 
Cr (Bewlay et al., 1999b).
Creep Rate (s’*)Composition TOMPa 140MPa 210MPa 280MPa
Nb-7.5Hf-16Si - 2.3x10* 4.0x10* 4.8x10*
Nb-8Hf-25Ti-16Si 6.3x10’* i . 2 xior* 3.2x10-* 1.2x10"’
Nb-3Mo-8Hf-25Ti-16Si 1.4x10’* 2.5x10* 3.9x10* 1.1x10*
Nb-9Mo-8Hf-25Ti-16Si 2.6x10"* 2.2x10’’ 4.8x10-® Failed
Nb-8Hf-25Ti-2Al-2Cr-l 6Si 9.1x10* Failed - -
Nb-16Si 1.7x10-* 1.5x10-* 4.9x10-* Failed
Based on the data in table 4.1, Bewlay et. al. (1999b) suggested that:
^  At any selected stress level increasing Hf or Ti concentration leads to an increase 
in the creep rates.
^  The Hf and Ti concentrations should be kept below 8 at.% and 21 at.%, 
respectively, for achieving low creep rates.
^  The creep exponent of the Nb-Ti-Hf-Si materials varies from 1.08 to 11. This 
wide variation is related to composition and microstructure. High Ti and / or Hf 
concentrations stabilize the hpl6 TigSig type silicide in preference to the tI32 
NbgSi] type or the tP32 NbgSi type silicides. It seems that the hpl6 TigSig type 
silicide has poor creep performance and is detrimental to the creep resistance of 
the composite.
Furthermore, according to the data in table 4.2, Bewlay et. al. (1999b) suggested that:
^  Small additions of Mo seem to improve the creep resistance of niobium silicide 
based in-situ composites. The creep exponents for Nb-7.5Hf-16Si and the Nb-8Hf- 
25Ti-16Si were ~1 and ~2 respectively, while for Nb-3Mo-8Hf-25Ti-16Si the 
creep exponent was ~ 1. However, the creep exponent for Nb-9Mo-8Hf-25Ti-16Si 
was ~ 5, which indicates that at higher alloying levels the creep rate is controlled 
less by the behaviour of the monolithic silicide (for which the creep exponent is 
~ 1).
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HaMum and Mo concentrations should be kept below 8 at.% and 3 at.% 
respectively, when Ti concentration is 25 at.%, so as to obtain creep rates close to 
that of the binary Nb-NbsSi in-situ composite (Nb-16Si).
Chromium and A1 additions seem to degrade the creep resistance of the niobium 
silicide-based in situ composites.
The goal for creep performance is that there must be no more than 1% creep in lOOh 
at high temperatures and stresses, such as 1200 and >170 MPa. This corresponds 
to a secondary creep rate of 2.8xlO'V*, if the primary creep is negligible. This has 
been observed in Nb-Si, Nb-Ti-Si, and Nb-Ti-Hf-Si in-situ composites, but not in 
higher order systems. However, the Nb-24.7Ti-8.2Hf-2.0Cr-l.9Al-16.0Si alloy that 
was selected and studied by Bewlay et al. (1996), has creep rupture behaviour similar 
to that of advanced single crystal superaUoys (Bewlay et al. 2002), while it has lower 
density. This shows that it is worth pursuing the goal for creep performance in higher 
order systems.
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OXroATION BEHAVIOUR
The major barrier to the development of the niobium silicide-based in situ composites 
for high temperature applications is their poor oxidation behaviour. The high 
temperature oxidation behaviour of Nb-NbgSis alloys is characterized by high metal 
recession rates (>225 pm/h at 1200 ®C), spalling and general structural disintegration 
(Subramanian et al., 1997). Furthermore, oxygen diffuses very fast throughout the 
oxide layer of these alloys, dissolves within the Nb phase, and, eventually, causes 
substantial hardening and embrittlement of the Nb phase. In order to deal with these 
problems alloying with other elements has been inevitable.
Titanium, A1 and Hf are major alloying additions to niobium silicide multi-component 
alloys. Since these elements form oxides that aie even more thermodynamically stable 
than sÜica, and SiOa and NbaOs have virtually no solubility in the solid state, complex 
oxide scale formation is expected to occur during oxidation of the multi-component 
Nb alloys. Binary phase diagrams of these oxides with NbiOg (melting point -1550 
^C) indicate eutectic formation, which is detrimental for the maximum operational 
temperature of these alloys (Menon et al., 2001).
Recent investigations (Bewlay et al., 2003) have revealed the effects of Ti, Hf, Si, Cr 
and A1 on oxidation behaviour for temperatures in the range 760 ®C to 1370 °C, The 
relationship between the composition and the oxidation resistance varies with 
temperature.
At intermediate temperatures (<850 ’^C), refractory metals can suffer from pest 
oxidation. This is disintegration (self-pulverization), which is caused by preferential 
inter-granular diffusion of à gaseous element that is often coupled with grain 
boundary oxygen embrittlement (Westbrook and Wood, 1964). According to Bewlay 
et al. (2003), Al and Hf additions can reduce the pesting susceptibility of Nb-based 
alloys, but Sn additions (-1.5 at.%) can eliminate this problem in the temperature 
range 750-950 °C. The mechanism by which tin prevents pesting has not been 
investigated in detail.
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At 1200 and 1300 ”C, the oxidation resistance of niobium silicide-based in situ 
composites is substantially improved by additions such as Ti, Cr and A1 (Bewlay et. 
al., 2002). According to the oxidation data of Subramanian et al. (1997) for selected 
Nb-Ti-Cr-Al-Si and Nb-Ti-Hf-Cr-Al-Si alloys that was obtained after static air 
exposure at 1200 ®C (table 5.1), the best oxidation resistant alloys had high Cr (>8 
at.%) and high A1 (>6at. %) contents. In the presence of Cr and Al, Hf additions did 
not have any effect on the oxidation behaviour of the Nb-Ti-Cr-Al-Si alloys. 
However, Bewlay et al. (2002) have reported that Hf additions can reduce oxygen 
solubility and diffusivity and thereby slow the embitterment at elevated temperatures.
Table 5.1 Oxidation data for selected Nb-Ti-Cr-Al-Si and Nb-Ti-Hf-Cr-Al-Si alloys (composition in 
at.%) after static air exposure at 1200 "C. Oxygen penetration was measured by microhardness 
profiling through the Nbss (Subramanian et al., 1997).
Metal recession Oxygen penetration
pm/h pm/hAlloy"
A lloy2  41Nb-33Ti-lGCr-7Al-9Si 2.7
Alloy 3 38Nb-29Ti-8Cr-12Ai-13Si 1.9 9.7
Alloy 4 39Nb-3GTi-9Cr-l 1 Al-1 ISi 3.6 7.6
Alloy 5 36Nb-34Ti-9Cr-9Al-15Si 3.1 9.9
Alloy 6 38Nb-31Ti-8Cr-lGAl-13Si 1.2
Nb-25Ti-8Hf-2Cr-2Al-16Si 14
Nb-28Ti-2Cr-2Al-16Si 5-8
Nb-26Ti-4Hf-2Cr-2Al-16Si 6-14
* Alloys 2 to 6 are in table 2.6
According to Subramanian et al. (1997), optimum oxidation resistance can be 
achieved for chemistries with Nb/(Ti+Hf) ratios of 1.8 to 2.1 and Si levels of 17 to 19 
at.%; such compositions also offer excellent creep behaviour. Chromium and Al 
improve the oxidation resistances of both the silicide and the niobium solid solution, 
Nbss (Bewlay et al 1996), but are detrimental for the fracture toughness of the Nbss 
(Davidson et al., 1996, Davidson and Chan, 1999). On the other hand, according to 
Bewlay et al (1996), additions of Ti improve the oxidation resistances of both the 
silicide and the Nbss, aud also the ductility of the Nbss and therefore, potentially the
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composite toughness. Oxidation studies by Bewlay et al. (2002) have shown that Si is 
the most beneficial in reducing losses by oxidation, followed by Cr and Ti. This is 
verified also by recent studies of Chan (2004), which reveal that decreasing the 
volume fraction of Nbss in the microstructure of niobium silicide-based composites, 
leads to improvement of oxidation resistance. Aluminium plays an increasingly 
important role as the oxidation temperature is increased.
The addition of Cr-rich Laves phases can improve further the oxidation resistance 
(Figure 5.1). A minimum Laves phase volume fi*action is required to provide the 
composite with adequate oxidation resistance. On the other hand, as the volume 
fraction of Laves phase increases, the volume fraction of niobium solid solution 
decreases, and this may result in relatively low fracture toughness. It is difficult to 
maintain the balance of low and high temperature properties at high volume fractions 
of Laves phase (>20 %). In a Nb-Ti-Hf-Si-Cr-Al composite, the desired volume 
percents of the phases are typically (Zhao et al, 2001a):
- 40-45% Nbss
- 45-55 %NbsSi3 and
- 0-15 % C14 Laves
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Figure 5.1 Comparison of 1204 and 1316 °C oxidation resistance of a Nbss+ Silicide + Cr-rich 
Laves phase composite (Nb-18Ti-7Hf-20Cr-2Al-18Si, in at.%) with a Nbss + Silicide Composite (Nb- 
24.7Ti-8.2Hf-2.0Cr-1.9Al-16.0Si, in at. %) (Bewlay et. al., 2002).
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Studies have also been made of the effects of minor addition elements (Bewlay et al., 
2002) such as Mo, W, V, Ta, Zr, B and Ge in oxidation behaviour. These studies 
suggested that:
Z >3 at.% B offers a benefit to the oxidation performance of the composite.
^  Tantalum and Zr are the strengthening elements with the least damage to 
oxidation resistance (at addition levels of 6 at.% ),
Z Molybdenum, W and V are detrimental for the oxidation resistance.
Z Partial replacement of Si with Ge improves the oxidation resistance.
Although the oxidation behaviour of Nb-Ti-Hf-Cr-Al-Si alloys is greatly improved 
compared to the Nb-Si alloys, further improvement is required before these alloys can 
be considered for long-life high temperature service in air. The long-term goal is for a 
loss of < 25 pm in 100 h at 1315 “C (Bewlay et al., 2003). Even if this goal were to be 
achieved, these materials will still require oxidation-protective coatings for any long- 
teim service at 1200-1400 °C (temperature range of proposed service in turbine 
engines).
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6.1 Introduction
This chapter presents the basic considerations taken into account for the selection of 
the alloys that have been prepared using cold hearth non-consumable tungsten arc 
melting, and the experimental techniques that have been used. The microstructures of 
these alloys in the as-cast and heat-treated condition (at 1500 / 1400 for 100 h)
have been investigated using X-ray diffi'actometry (XRD) and electron beam 
microprobe analysis (EPMA). Transmission electron microscopy (TEM) has been 
performed only for the as-cast and heat-tieated Nb-24Ti-18Si-5Al alloy (KZ7). 
Thermo-gravimetric analysis (TGA) at 800 °C and 1200 for -100 h has also been 
performed for the heat-treated specimens. The specimens oxidised at 800 have 
been investigated using XRD and EPMA.
6.2 Selection of alloy compositions
The present study focuses on niobium silicide-based in situ composites that have been 
designed to understand: (i) the effect of Cr and Al additions on the solidification path 
and phase stability of Nb-Ti-Si base alloys and (ii) the role of Cr and Ta in the 
microstructure of Nb-Ti-Si-Al alloys. The alloys were selected to allow the study of 
microstructures consisting of bcc niobium solid solution and niobium silicides 
(aNbgSis and / or pNbgSia), with or without a Cr-rich C14 silicide Laves phase.
The nominal compositions of the selected Nb silicide-based in situ composites of this 
study are given in table 6.1. The selection of the compositions of these alloys was 
based on the following considerations:
• The Si concentration, which determines the volume fi-action of the silicide and 
thus plays a key role in controlling the fi'acture toughness and creep behaviour of the 
composite, was set at 18 at.%. In Nb silicide-based in situ composites with 18 at.%Si 
(volume fraction of NbgSis ~50 %) the secondary creep rate is minimum (§4.3).
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® The Ti addition improves: a) the ductility and the fracture toughness of the 
niobium solid solution and therefore, potentially, the composite toughness (§4.1) and 
b) the oxidation resistances of both the silicide and the (Nb,Ti)ss (chapter 5). On the 
other hand, the Ti content has to be limited below 25 at.%, in order (i) to maintain the 
eutectic temperature of the composite above 1700 (§2.3.3) and (ii) to avoid
foimation of the TigSis phase, which has been reported to be detrimental to the creep 
rupture sti ength of the composite (§4.3).
• Chromium and Al additions improve the oxidation resistance without severe 
embrittlement of the Nbss, when their concentrations are 2-8 at.% Cr and 2-6 at.% Al 
(chapter 5).
• Tantalum is a strengthening element with the least damage to oxidation at addition 
levels of 6 at.% (chapter 5).
Table 6.1 Nominal compositions of the niobium silicide-based in-situ composites of this study
Alloys Nominal Composition (at.%) Comments
Nb Ti Ta Si Cr Al
KZ3 58 24 18 Reference alloy
KZ4 53 24 18 5 Effects of Cf additions in Nb-Ti-Si system
KZ7 53 24 18 5 Effects of Al additions in Nb-Ti-Si system
KZ5 48 24 18 5 -  5 ' Synergetic effects of Al and Gr additions in Nb-Ti-Si system
KZ6 42 24 6 18 5 5 Effects of Ta additions in Nb-Ti-Si-Cr-Al system
KZ2 46 24 18 8 ; '4 Formation of a Cr-rich C14 silicide Laves phase during solidification;
KZ8 40 24 6 18 8 4 Synergetic effects of Ta and Cr additions in Nb-Ti-Si-AI system
The first alloy (KZ3) was the reference alloy against which the other alloys were 
compared in terms of microstructure. The second alloy, KZ4 in table 6.1, which 
belongs to the Nb-Ti-Si-Cr system, was selected to study the microstructural effects 
of Cr addition to the Nb-Ti-Si system. The concentrations of Ti and Si in this alloy 
were kept the same as in the alloy KZ3. The concentration of Cr was 5 at%, which is 
the lowest concentration required for the formation of a Cr-rich Laves phase in the
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alloy (§2.5). The third alloy, KZ7 in table 6.1, belongs to the Nb-Ti-Si-Al system and 
like alloy KZ4 was chosen to study microstructural effects of Al addition in the Nb- 
Ti-Si system.
Synergetic effects of Al and Cr additions in the Nb-Ti-Si system were studied with the 
selection of the fourth alloy, KZ5 in table 6.1. The Al and Cr concentrations were kept 
at 5 at.% each, since at these levels it is possible to obtain a co-continuous distribution 
of niobium solid solution and silicide phases (§2.7).
The alloy KZ6 has been prepared in order to reveal the effects of Ta additions in the 
Nb-Ti-Si-Cr-Al system. According to Bewlay et al. (2002), there have been limited 
evaluations of the effect of Ta on phase stability of niobium silicide-based in-situ 
composites. The composition that has been selected (table 6.1) has been based on the 
composition of alloy 5, and the concentration of Ta that was selected to be 6at%.
Finally, the alloys KZ2 and KZ8 were selected to enhance the formation of the Cr- 
rich C l4 Laves phase compared to KZ5 and KZ6, by increasing the Cr concentration 
above that in the latter alloys. Investigation of as-cast and heat-treated microstructures 
of KZ8, revealed the synergetic effects of Ta and Cr additions on solidification path 
and phase stability in Nb-Ti-Si-Al in-situ composites
6.3 Preparation of the ingots
The alloys were prepared by arc-melting commercial purity elements (Nb 99.99%, Ta 
99.99%, Ti 99.99%, Cr 99.99%, Al 99.999%, Si 99.999%) with a non-consumable 
electrode in a water-cooled crucible under argon atmosphere. Ingots of about 300g 
were prepared. The unit that was used is shown figure 6.1. The procedure for ingot 
production was the following:
Z Lumps of material were placed in the water-cooled copper crucible.
The chamber was then evacuated to <10’^  Pa (10‘^  mbar) using, initially, a rotary 
pump and then a diffusion pump.
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^  After evacuation the chamber was filled with argon (99,995% pure) and pumped 
down again. This was repeated once more, to ensure lower oxygen content inside 
the chamber.
Z Prior to melting, the chamber was back filled with argon, maintaining the chamber 
pressure below atmospheric pressure (-50 kPa).
Z Arc melting was carried out under a voltage of -25 V and a current of -800 A.
The above procedure was repeated four times, inverting the produced ingot at the end 
of each melting, so as to obtain as good homogeneity as possible. Each melting cycle 
lasted approximately 3 minutes.
Figure 6.1 Unit used for the preparation of the ingots. The basic parts are: (1) Stainless steel vacuum 
chamber, (2) Copper electrode holder, (3) Tungsten electrode, (4) Water-cooled crucible, (5) Roughing 
vacuum gage, (6) Viewing port, (7) Roughing valve, (8) Backing line valve, (9) Gate valve (10) Air 
inlet valve, (11) Argon inlet valve, (12) Vacuum gages, (13) Argon cylinder, (14) Current indicator, 
(15) Voltage indicator.
6.4 Hardness and density measurements
Specimens were cut from the ingots (fig. 6.2) using a Struers Accutom with a metal 
bonded diamond edged blade, for density and hardness measurements. The densities
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of the specimens were measured using a hydrostatic balance (to weight the specimens 
in air and in water) and applying the Archimedean principle. Hardness measurements 
were performed on polished specimens using a Leitz Wetzlar microhardness tester. At 
each measurement, a load of 0.5 kg was applied for 30 s.
y---
(a) (b)
Figure 6.2 (a) As-cast ingot (KZ4) and (b) Cross-section (CS) and middle-section parallel to the 
bottom of the ingot (P). In both cases the sections have been taken from regions that were as close as 
possible to the centre of the ingot.
6 .5  H eat-treatm en ts
Cubic specimens (edge length -1.5 cm), taken from the centres of the ingots (fig. 6.2), 
were wrapped in Ta foil, placed in an alumina boat and heat-treated at 1500 or 
1400 °C for 100 h (the alloys KZ5 and KZ6 were heat-treated twice at 1500 ^C) in a 
tube furnace under argon flow (10*^  m^ s*‘). An alumina boat with Ti sponge was 
placed at the entrance of the argon flow in the tube furnace.
6.6  S can n in g  electron  m icroscop y  (S E M )
6.6.1 Specim en  prep aration  fo r  scan n in g  electron  m icroscopy
Specimens for scanning electron microscopy were prepared from each alloy. Sections 
were cut from the as-cast ingots using a Struers Accutom with a metal bonded 
diamond edged blade. The resultant samples were mounted in conducting Bakelite 
using the Struers Prontopress, then grounded using a series of grinding papers, 320, 
500, 800, 1200 and 2400 grit and finally polished to a finish of 1 pm.
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A preliminary inspection of the polished samples was made using a Zeiss Axiophot 
microscope operated in NDIC (Nomaski Differential Interference Contrast) mode. By 
this method a three-dimensional image is produced (fig. 6.3) which reveals general 
microstructural characteristics and defects that are associated with processing (e.g. 
porosity, cracks) and specimen preparation (e.g. scratches, scaling of brittle phases 
during polishing).
Figure 6.3 Optical micrograph from a cross-section that shows an area in the middle of the heat-treated 
at 1500 ®C for 100 h KZ8. Scratches in the ductile niobium solid solution and cavities in the brittle 
phases have been formed during polishing.
6 .6 .2  E lectron  p rob e m icroan a lysis-scan n in g  electron  m icroscopy
Secondary and backscattering electron imaging and qualitative and quantitative 
analysis were performed using a JEOL 8600 electron probe micro-analyser (EPMA). 
This instrument is equipped with energy-dispersive and wavelength-dispersive 
spectrometers and secondary- and backscattered-electron detectors.
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Bulk and phase analysis were carried out using mainly Energy Dispersive X-ray 
Spectrometry (EDS) at 15 kV. Standardisation for the as-cast and heated-treated 
samples was performed using high purity elements of Nb, Ti, Ta, Si, Cr and Al, which 
had been polished to a finish of 1pm. Calibration of the analyser was repeated almost 
every hour using a pure Co standard, provided that beam stabilizer was activated. The 
selected process time was 5 (choice between 1 and 6) for good resolution of peaks 
displayed in the ED-spectrum, and the beam current was adjusted so as to achieve 
dead time less than 20 %.
The operational software of the EPMA was initially the Link Isis software that 
provided ZAP corrections (Z: atomic number, A: absorption, F: fluorescence). This 
software was replaced, during this work, by INCA that includes the XPP correction 
method which is based on the Phi-Rho-Z approach. Phi-Rho-Z corresponds to the 
depth distribution of ionization (of the X-Ray production volume), termed (p(pz) 
(where p is the density and pz is the mass depth with dimensions g/cm^). The XPP 
correction method is known for its favourable performance in situations of severe 
absorption such as the analysis of light elements in a heavy element matrix. The 
measurements that had been made using the first software, were repeated using the 
Phi-Rho-Z approach and it was found that there wasn't any difference in the obtaining 
analyses.
For each as-cast or heat-treated specimen, at least 20 spot or reduced area analyses 
have been carried out for each phase or the bulk. Due to micro-segregation in the as- 
cast alloys, EPMA data of the minimum and maximum concentrations of elements are 
given instead of an average value. The areas near the grain boundaries were rich in 
alloying additions (Ti-rich areas). In those areas spot analysis was carried out at least 
1 pm away from the grain boundaries so as to minimise the chance of detection of X- 
rays fi-om another phase.
Wavelength Dispersive X-ray Spectrometry (WDS) with TiN standard and pure 
standards of Nb, Ta, Al and Cr, was used for the qualitative and quantitative analysis 
of titanium nitrides that were detected near the edges of heat-treated samples. The 
typical resolution of EDS is 70-130eV whereas peak widths in WDS are 2-20eV. 
Furthermore, with EDS it is impracticable to detect X-rays of energy less than IkeV
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i.e. elements lighter than sodium. The Ti Lai (450 eV) line is very close to the N Kai 
(390 eV), nnd both are less than IKeV; therefore, the existence of titanium nitride 
could not be verified with EDS.
6.7 X-ray dijKractometry (XRD)
A Philips X-ray diffractometer with a monochromatic CuKa (1= 1.540562) radiation 
was used for the identification of the phases in the as-cast and heat-treated alloys. X- 
rays were collected with a step of 0.1° and 20 ranging from 20° to 120° (40 kV and 25 
mA). In chapter 7 (results), the X-ray diffractograms are given, while tables in the 
appendices give the XRD experimental data along with data from JCPDS (Joint 
Committee of Powder Diffraction Standards) cards.
6.8 Transmission electron microscopy (TEM)
The specimen preparation for TEM studies was quite difficult. Usually, selected area 
diffraction could be obtained only from the niobium solid solution, as the silicide 
phase was quite thick. Specimens were prepared only for the as-cast and heat-treated 
KZ7 alloy. Slices of -400 pm thickness were ground down to 80-90 pm from both 
sides with SiC papers of 500, 800, 1200 and 2400 grit. After polishing up to 1 pm 
finish, 2 mm discs were cut and glued on copper rings with epoxy resin. These 
specimens were further ground and polished to -50 pm thickness, and finally, thinned 
in a Gatan ion-beam thinner. The angles between the plane of the specimen and the 
incident beams of the two ion guns, beneath and above the specimen were 4-5 (low 
angles) and the acceleration voltage was 5 kV. Ion beam thinning was stopped as soon 
as a hole was formed.
Selected area electron diffraction was performed on a Philips EM400T microscope for 
the as-cast and heat-treated KZ7 alloy, using an accelerating voltage of 120kV. The 
indexing of the selected area diffraction patterns was obtained taking into account the 
measured inter-planar spacings in the X-ray diffractograms (for the (Nb,Ti)ss) and 
JCPDS cai'ds (for the oiNbsSia and jJNbsSia silicides), the displacements of the
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diffracted spots from the spot of the transmitted beam and the relationship: Dd= XL, 
where D is the displacement of the diffracted spot from the spot of the transmitted 
beam, d is the interplanar spacing, X is the wavelength of the electrons and L is the 
camera length. Verification of indexing was done by measuring the angle (p between 
the plane (hikiL) of spacing di, and the plane (hzkiE) of spacing dz, and comparing it 
with the one calculated for cubic or tetragonal symmetry (Loretto, 1994):
Cubic: cos «>= A A + V 2 +A4
[(/;/ +k^ +1^)- {hi + kl + l l \
1 fh^h^+kik^ IJ2Tetragonal: cos ^  = - -■ - +a
r  h i  + k i  ^  i i  ' )
' • 2 + 2
/ I  c ' j I  ^  c  J
-1/2
6,9 Thermo-gravimetric analysis (TGA)
Thermo-gravimetric analysis (TGA) at 800 °C and 1200 °C for -100 h was carried out 
on the heat-treated alloys, using a Stanton-Redcroft balance. Roughly cubic samples, 
5x5x5 mm  ^ in dimension, were cut from the heat-treated specimens, and their sides 
were ground to 1200 grit. The dimensions of each sample were measured using a 
micrometer and the surface area was calculated. Each sample was placed in a small 
alumina crucible, which Was positioned on the balance. The balance was then 
calibrated to the initial total weight of the crucible. After an AI2 O3 tube furnace was 
preheated at 800 °C (and 1200 °C), it was lowered around the cmcible. In this way the 
sample was brought to temperature rapidly. The base of the crucible was in touch with 
a thermocouple, and therefore, not only the mass gain of the sample, but also the 
temperature was monitored throughout the experiment. At the end of each 
experiment, a continuous curve of mass gain versus time was recorded. The mass gain 
was normalised against the initial surface area of the sample. The mass of the sample 
was measured before and after TGA, to verify weight change results.
The surfaces of the oxide scales that were formed after the TG experiments at 800 °C 
were studied first macroscopically and then using XRD and EPMA. Five of the six 
oxide layers were removed from each oxidised cubic sample, crushed and powdered, 
and the powder was subjected to XRD, The presence of the background noise from
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the sample holder in the X-ray diffractograms (Appendices 5, 6 and 7) was 
significant, and peaks of the oxides overlapped.
Some of the oxidised samples were mounted and polished perpendicular to the 
remaining oxide layer, for the EPMA studies. BSE images of the oxide scales were 
acquired and spot analysis was perfoimed. For the quantitative analysis, Nb, Ti, Ta, 
Cr, A1 and SiOa standards were used. In all cases the oxygen concentration was 
determined by difference.
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CHAPTER 7 
RESULTS
7.1 Introduction
In this chapter, the microstructures of the alloys in the as-cast and heat-treated 
conditions will be described and results of isothermal oxidation tests at 800 °C and 
1200 °C will be presented. The discussion of the results will be made in the next 
chapter. The results of this study reveal the effects of composition on the 
solidification path and phase equilibria of Nb-Ti-(Ta)-Si-Cr-Al in situ composites. 
The isothermal oxidation tests that were performed also allow a preliminary 
assessment of the oxidation behaviour of the selected alloys.
The densities and the hardness measurements of the as-cast alloys are given in table 
7.1. The densities were —6.6 to 7.1 g/cm  ^and are consistent with the values reported 
by Bewlay et al (2003) for the niobium silicide-based in situ composites (6.6-7.2 
g/cm^).
Table 7.1 Hardness measurements and densities of the as-cast alloys.
Ingot Nominal Composition (at.%)
Hardness (500g) * 
(HV) Density (g/cm )average STD min max
KZ3 Nb-24Ti-18Si 660 20 630 680 6.83
KZ4 Nb-24Ti-18Si-5Cr 680 40 630 760 6.80
KZ7 Nb-24Ti-18Si-5Al 560 30 530 580 6.68
KZ5 Nb-24Ti-18Si-5Cr-5Al 630 30 560 670 6.58
KZ2 Nb-24Ti-18Si-8Cr-4Al 730 30 670 750 6.58
KZ6 Nb-24Ti-6Ta-18 Si-5Cr-5AI 720 40 670 800 7.09
KZ8 Nb-24Ti-6Ta-l 8Si-8Cr-4AI 760 30 710 820 7.11
*In each case 15 measurements were made.
In the as-cast alloys there was segregation, because of the different cooling rates that 
prevailed in the ingot during solidification. A schematic diagram of the cross section 
of the water-cooled crucible is shown in figure 7.1. The higher cooling rates prevail at 
the bottom of the central cross section that is adjacent to the water-cooled crucible, 
while the lower cooling rates prevail at the surface of this cross section
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ingot
Water-cooled copper crucible
Figure 7.1 Heat extraction during solidification, mainly, occurs via the water-cooled copper crucible 
walls. The area of the ingot that was mainly investigated is indicated in the above cross-section.
Heat-treatments at 1500 °C or at 1400 °C for 100 h were performed to homogenize the 
microstructures of the as-cast alloys (table 7.2). In previous investigations, this heat 
treatment had been effective for the homogenisation of Nb-Si as-cast alloys and for 
the destabilization of the metastable NbaSi phase (Mendiratta and Dimiduk, 1991). 
Near the edges of all the heat-treated specimens, titanium nitrides were observed. 
According to the WDX microanalysis of these nitrides, the ratio of Ti/N was ~1, the 
niobium content was ~1.6 to 2 at.% and they did not contain Cr or Al.
Table 7.2 Conditions o f the alloys studied in this work.
Alloys Nominal Composition (at.%) Condition
KZ3 Nb-24Ti-18Si • As-cast• Heat-treated at 1500 °C for 100 h
KZ4 Nb-24Ti-18Si-5Cr • As-cast• Heat-treated at 1500 °C for 100 h
KZ7 Nb-24Ti-18Si-5AI • As-cast• Heat-treated at 1500 °C for 100 h
KZ5 Nb-24Ti-18Si-5Cr-5AI
• As-cast
• Heat-treated at 1500 °C for 100 h
• Heat-treated twice at 1500 °C for 100 h
KZ6 Nb-24Ti-6Ta-18Si -5Cr-SAl
• As-cast
• Heat-treated at 1500 °C for 100 h
• Heat-treated twice at 1500 °C for 100 h
KZ2 Nb-24Ti-18Si-8Cr-4Al
• As-cast
• Heat-treated at 1500 ®C for 100 h
• Heat-treated at 1400 ®C for 100 h
KZ8 Nb-24Ti-6Ta-18Si -8Cr-4Al
• As-cast
• Heat-treated at 1500 °C for 100 h
• Heat-treated at 1400 °C for 100 h
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The phases observed in the as-cast and heat-treated alloys were the niobium solid 
solution, (Nb,Ti)ss, the silicides, (Nb,Ti)3Si, aNbgSig, pNbsSia and TisSis, and a Cr- 
rich Cl 4 silicide Laves phase. The crystal structures of these phases are given in table 
7,3. According to the Nb-Ti phase diagram (§2.3.1), the niobium solid solution is a 
disordered bcc solid solution that is stable at any value of Nb/Ti>l and therefore, is 
represented as (Nb,Ti)ss. The NbaSi and TigSi are isomorphous and consequently, Ti 
is completely miscible in NbgSi; thus this phase is represented as (Nb,Ti)3 Si. The 
aNbsSi3 and pNbsSi3 silicides have the same crystal system, the same lattice type and 
the same number of atoms in the unit cell, but different structure type and lattice 
parameters. According to Subramanian et al. (1997), in these phases the Al and Cr 
atoms substitute for the Si and Nb atoms, respectively. The Cr-rich silicide C14 
Laves phase has the same structural characteristics with those of the p phase (table
7.3). According to Livingston (1994), in this phase, the Al and Si atoms substitute for 
the Cr atoms (§1.2.2).
Table 7.3 Structural characteristics of the phases in the as-cast and heat-treated alloys.
Phase StructureName
Pearson
Symbol
Lattice 
Parameter (Â) Reference
Nb W cI2 a = 3.306 JCPDS 35-0789
NbaSi TiaP tP32 a =10.21 c = 5.19 JCPDS 35-0874
aNbsSis CrsBa tI32 a = 6.569 c = 11.88 JCPDS 30-0875
pNbsSia WsSis tI32 a =10.02 c = 5.069 JCPDS 22-0763
TisSia MnsSis hP16 a =7.461 c = 5.150 JCPDS 78-1429
CMNbCrz MgZn2 hP12 a = 4.976 c = 8.059 JCPDS 47-1638
p phase* MgZnz hP12 a = 4.89 c = 7.99
Goldschmidt and 
Brant, 1961
* It is ternaiy Cr-rich C14 silicide Laves phase (a silicon modified C14 NbCrz) in the 
1000°C section of the Nb-Si-Cr system determined by Goldshmidt and Brant (1961).
Specimens for thermo-gravimetric analysis (TGA) at 800 °C and 1200 °C were 
prepared from the heat-treated alloys listed in table 7,4. The area fraction 
measurements, given in table 7.4, were performed in EPMA by differentiating the 
phases using the BSE contrast. In KZ8, after the heat treatment at 1400 ”C for 100 h, 
it was difficult to differentiate the C14 Laves phase and the Nb5 Si3 silicides (aNbsSi3
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or pNbsSis) since they exhibited similar contrast under BSE imaging conditions. The 
(Nb,Ti)3 Si was present only in the microstructures of the as-cast and heat-treated 
KZ3, which had the lowest fraction of (Nb,Ti)ss compared to the other alloys (table
7.4). The aNb5 Si3 was present in the microstructures of 1500KZ4 and 1500KZ7, 
while both the aNb5Si3 and pNbsSi3 existed in the microstructures of 1500KZ5, 
1500KZ6,1400KZ2 and 1400KZ8.
Table 7.4 Alloy designation, nominal composition and area fractions of the constituent phases of each 
alloy (heat-treated at 1400 ®C / 1500 ®C for lOOh) used to the oxidation studies at 800 ®C.
Alloy Nominal Composition (at.%) Phases (Nb,T%, Silicide/s Laves
KZ3 Nb-24Ti-18Si (Nb,Ti)«,&(Nb,T%Si 35-36 % 64-65 %
1500KZ4 Nb-24Ti-18Si-5Cr (Nb,Ti),s& aNbsSis 52-58 % 42-48 %
1500KZ7 Nb-24Ti-18Si-5Al (Nb,Ti),,&aNb5Si3 48-55 % 45-52 %
1500KZ5 Nb-24Ti-18Si-5Cr-5Al (Nb,Ti),,&Nb5Si3 48-55 % 45-52 %
1500KZ6 Nb-24Ti-6Ta-l 8Si-5Cr-5Al (Nb,Ti)ss&Nb5Sl3 50-59 % 41-50%
1400KZ2 Nb-24Ti-18Si-8Cr-4Al (Nb,Ti)ss,Nb5Si3& C14 Laves 45-52 % 37-45 % 8-13 %
1400KZ8 Nb-24Ti-6Ta-l 8Si-8Cr-4Al (Nb,Ti)^,Nb5Si3& C14 Laves 41-52 % 50-59 %
7.2 The Nb-24Ti-18Si alloy (KZ3)
AS“Casti According to the XRD (fig.7.2) and EPMA data (table 7.5), (Nb,Ti)ss and 
(Nb,Ti)3 Si were present in the microstructure of the alloy K23. In table 7.5 and all 
subsequent tables, the EPMA data of the minimum and maximum concentrations of 
elements in a phase are given instead of an average value. Large area analyses in 
several regions of the ingot suggested that there were areas, where the Ti and Si 
concentrations varied from 24.5 to 27,6 at% and from 15.5 to 17.1 at% respectively. 
The Si loss was attributed to evaporation of Si and ejections of liquid during the 
movement of the plasma arc over the melt.
The microstructure consisted of primary (Nb,Ti)ss dendrites together with large scale 
faceted (Nb,Ti)3Si dendrites and/or a eutectic of (Nb,Ti)ss and (Nb,Ti)3Si. Backscatter 
electron images taken from areas near the top of a cross-section showed primary 
(Nb,Ti)ss dendrites together with interpenetrating faceted (Nb,Ti)3Si, with growth 
direction mainly, parallel to the bottom of the ingot, i.e. almost perpendicular to the
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copper water-cooled crucible walls (fig. 7.3). This is an indication that near the 
surface of the ingot, the heat flux is in a direction parallel and opposite to dendrite 
direction, towards the water-cooled copper crucible walls.
In the centre of the ingot the orientation of the dendrites was completely random and 
the presence of the eutectic was more evident This is shown in fig. 7.4, where along 
with the backscattering electron image (BSE), a secondary electron (SE) image is 
given; the BSE contrast in (Nb,Ti)ss is due to topographical effects (see SE image in 
fig.7.4). In this case the heat produced during solidification is transported through the 
melt, and the heat flux is radial and in the same direction as that of dendrite grovdh.
Near the bottom of the ingot, the microstructure was finer and mainly eutectic (fig.
7.5). The cooling rates in that region were higher during solidification, since the melt 
was in contact with the crucible.
Segregation during solidification provided strong dark contrast in the interdendritic 
regions of the (Nb,Ti)ss dendrites and (Nb,Ti)3Si, and it was more evident near the 
surface of the ingot where the cooling rates were lower (fig. 7.6). This contrast was 
due to enrichment of the outer areas of the (Nb,Ti)ss and (Nb,Ti)3Si in Ti, with the Ti 
concentration being in the range 34.6 to 57.1 at% for the (Nb,Ti)ss and 27 to 43 at% 
for the (Nb,Ti)3 Si dendrites, respectively (see table 7.5).
Heat-Treated at 1500 "C for 100 h (1500KZ3): In the microstructure of the heat 
treated KZ3 there was no evidence for the decomposition of the (Nb,Ti)3 Si to 
(Nb,Ti)ss and aNb$Si3 (figs. 7.7 and 7.8). Thus, even after 100 h at 1500 °C the 
aNb5 Si3 had not formed. However, segregation of Ti in both (Nb,Ti)ss and (Nb,Ti)3Si 
was eliminated. The EDX analysis (table 7.5) showed that there was no significant Ti 
variation between the two phases.
Titanium nitride particles existed at the edges of the heat-treated specimen (fig. 7.9). 
In these ai eas the microstructure consisted of primary (Nb,Ti)ss, titanium nitride and a 
eutectoid of aNb5 Si3 and (Nb,Ti)ss. The Ti content in aNbgSis was less than 10 at.%, 
while the Si concentration was 33 to 35 at.%.
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Figure 7.2 X-ray dif&actogram of the as-cast KZ3
Table 7.5 EPMA analysis for the as-cast and heat treated KZ3.
As-cast N b  (at.% ) T i(at.% ) Si (at.%)
Surface 57 - 58.7 2 4 .5 -26 .1 15.5-17.1
Bulk 5 6 .1 -5 8 26 - 27.6 15.5-17.1
Bottom 56.9 - 58.3 2 5 .7 -2 7.4 15.5-17.1
( N b ,X iy 64.1 -79.9 18.8-33.4 1.6 -2 .7
Ti-rich(Nb,Ti)s/ 40 - 63.8 34.6-57.1 1.6-2 .4
(N b ,T i)3 S r 49.9 - 59.8 17.5-27.1 22.8 - 24.5
Ti-rich (Nb,Ti)3 Si" 3 2 - 4 8 .2 27.1 -43 22.8 - 24.5
Heat-treated  
at 1500 ®C for 100 h
Bulk 58 - 59.6 25.1 -25.8 14.9 - 16.9
(Nb,Ti)ss 73.6 - 74.3 25.4 -25 .8 0.3 - 0.6
(Nb,Ti)3Si 51.4 -51 .5 25.1 -25.3 23.2 -23 .6
a) This was the dominant composition of the (Nb,Ti)ss.
b) The Ti-rich (Nb,Ti)gg was observed at the edges o f primary (Nb,Ti)ss dendrites.
c) This was the dominant composition of the (Nb,Ti)3Si phase.
d) The Ti-rich (Nb,Ti)aSi phase witii Nb/Ti<l was found neai* large primary (Nb,Ti)sg 
dendrites that were formed near the surface o f the ingot (fig. 7.6).
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eutectic (Nb,Ti) (Nb,Ti)3Si
V
Figure 7.3 BSE images, (a) (x250) and (b) (x400), of areas near the surface of the ingot (-0.5mm from 
the surface).
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(Nb,Ti)3Si Ti-rich (Nb,Ti)3 Si
Figure 7.4 SE and BSE images (x500) of an area from the centre of the ingot. In the BSE image the 
dark grey areas of (Nb.TOaSi contain more Ti than the light grey areas.
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r f > ,
Figure 7.5 SE and BSE images (xlOOO) of an area -0.5mm from the bottom of the ingot; the 
predominant microstructure is eutectic.
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Primary (Nb,Ti)* Ti-rich regions at the edges o f (Nb,Ti)ss dendrites
(Nb,Ti)3Si
T
Ti-rich (Nb,Ti)3 Si in the 
interdendritic regions o f  (Nb,Ti)s*
Figure 7.6 BSE image from the surface of the ingot. EDS spot analyses were carried out at the five 
indicated spots. The results are listed in the following table:
Spot Phase Nb (at.%) Ti (at.%) Si (at.%)
1 (Nb,Ti)aSi 58.1 18.9 23
2 (Nb,Ti)3Si 49.9 27.1 23
3 (Nb,Ti)„ 78.4 19.8 1.8
4 Ti-rich (Nb,Ti>3Si 39.1 37.9 23
5 Ti-rich (Nb,Ti>3Si 39.2 37.4 23.4
The above results indicate that there was Ti segregation in both the primary (Nb,Ti)sg and faceted NbaSi 
dendrites. In some cases, at the edges of these dendrites, the Nb/Ti ratio was <1.
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KZ3 afte r 100 h a t 1500 °C
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Figure 7.7 X-ray difiractogram of the heat-treated KZ3 (1500KZ3).
Figure 7.8 BSE image (xl500) of an area parallel to the bottom of the heat-treated KZ3 alloy. The 
microstructure, like in the as-cast condition, consisted of irregular and rod like (Nb,Ti)ss (white phase) 
distributed in a (Nb,Ti>3Si matrix (grey phase).
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Figure 7.9 BSE image (xlOOO) near the edge of the heat-treated KZ3 specimen. The microstructure 
consists of primary (Nb,Ti)ss (white large regions), titanium nitrides (black regions), and eutectoid of 
aNbsSis (grey regions) and (Nb,Ti)ss (small white regions dispersed along with the grey aNbsSi3 
regions).
7.3 The Nb-24Ti-18Si-5Cr alloy (KZ4)
As-cast: Large area analyses showed that Si and Cr concentrations were at least 2 
at.% lower and higher than the respective nominal compositions, but there was no 
significant difference in composition between the bottom and surface of the ingot 
(table 7.6), EPMA and XRD studies of cross-sections and sections parallel to the 
bottom of the ingot, both taken from the centre of the KZ4 as-cast ingot, revealed the 
existence of four phases (table 7.6 and fig. 7.10): (i) the niobium solid solution 
(Nb,Ti)ss, (ii) the (Nb,Ti)3Si, (iii) the aNbsSis and (iv) a Cr-rich C l4 silicide Laves 
phase.
In the (Nb,Ti)ss the Ti and Cr segregation were particularly high (20.1-34.9 at.% Ti 
and 7.8-17.0 at.% Cr). The Ti segregation was also high in the (Nb,Ti)]Si phase (17.7-
42.3 at.% Ti).
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In the aNbsSis, the Si concentration was 35.6-36.2 at.%, and the ratio (Nb+Ti+Cr):Si 
was 1,8 which is close to the ratio 5:3. The Cr-rich silicide C14 Laves phase has the 
same structural characteristics and Si content more that 2.5 at.% (8.5-10.8 at.%) as the 
p phase of the Nb-Cr-Si system (see fig. 2.12). Silicon has been found to promote the 
fonnation of ternary C l4 silicide Laves phases in many transition metal systems 
(§1.2.2). These C14 Laves phases occur over a wide range of AB2-xSix compositions, 
but most often at x = 1 or x = According to Livingston (1994), in the Cr-rich C14 
Laves phase the Si atoms substitute for Cr atoms. Titanium has atomic radii close to 
Nb and thus Ti atoms are postulated to substitute for Nb atoms. In the C14 Laves 
phase the sum of the Cr and Si concentrations was 57.4-59.6 at.%, and the ratio 
(Cr+Si):(Nb+Ti) was 1.4-1.5, which is not close to 2.
There was less than 1 at.% difference in the concentrations of Ti and Cr respectively 
between the top and bottom of the ingot, while the Si concentration was in the same 
range as for KZ3.
Different microstructures were observed in cross-sections perpendicular to the bottom 
of the ingot and in sections parallel to the bottom of the ingot. Near the surface of the 
ingot there were primary (Nb,Ti)ss dendrites and (Nb,Ti)sSi, as in KZ3, and a Cr-rich 
C14 silicide Laves phase was present in the interdendritic regions (fig. 7.11).
In a middle section parallel to the bottom of the ingot there were regions consisting of 
interpenetrating (Nb,Ti)ss and (Nb,Ti)aSi along with Laves phase (regions A in fig, 
7.12), i.e. similar to the microstructure in the surface of the ingot, and areas with 
(Nb,Ti)ss and aNbjSis in a co-continuous formation (regions B in fig. 7.12). There 
was Ti segregation in both regions, but it was particularly evident in the A regions 
(fig. 7.12b and fig. 7.13). In primary (Nb,Ti)ss dendrites there was strong Ti and Cr 
segregation at their edges (coring), which was observable by the contrast in BSE 
images (in fig, 7.13 strong dark contrast in the dendrites indicates regions with higher 
Ti and Cr content). With spot analysis of primary (Nb,Ti)ss dendrites it was found that 
the solubility of Cr was almost proportional to the solubility of Ti in (Nb,Ti)ss (fig. 
7.14). Thus, during solidification, as the primary (Nb,Ti)ss dendrites grew, solute Cr 
and Ti were rejected into the liquid. In the region B, the (Nb,Ti)3 Si had partially
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transformed to a eutectoid of (Nb,Ti)ss and aNbgSis. The concentrations of Cr in 
(Nb,Ti)3 Si and aNbsSia silicides were lower than in the solid solution and there was 
segregation of Cr in the Ti-rich areas of the Nb3 Si. In the Laves phase, the solubilities 
of Ti and Si were about 19 and 10 at% respectively. There were also Ti-rich areas 
present m  the Laves phase. Furthermore, EDS analysis revealed that the variation in 
composition in the A and B regions (fig. 7.12) was almost the same (table 7.6-bulk 
composition).
The existence of (Nb,Ti)3 Si faceted dendrites became less evident near the bottom of 
the ingot where the microstructure consisted of primary (Nb,Ti)ss dendrites, 
interdendritic Cr-rich C14 silicide Laves phase and eutectoid of (Nb,Ti)ss and 
aNb5Si3 . Figure 7.15 shows such an area, where we can see the transfoimation of 
(Nb,Ti)3Si to a eutectoid of (Nb,Ti)ss and aNb5 Si3 with a lamellar microstructure.
In the bottom of the ingot, where the thickening of (Nb,Ti)ss dendrites was 
suppressed, there was no Ti segregation in the solid solution (i.e. there was no Ti-rich 
(Nb,Ti)ss present), the microstructure consisted only of (Nb,Ti)ss and aNbsSis in a co- 
continuous formation without the presence of the Cr-rich Laves phase (fig. 7.16). The 
EPMA results for these phases are given in table 7.7.
Heat-Treated at 1500 fo r 100 h (1500 KZ4): The microstructuie of 1500KZ4 
consisted of irregular large grains of aNbsSis distributed unevenly, in the (Nb,Ti)ss 
matrix (fig. 7.17). The XRD confirmed that the niobium silicide was the aNbsSi3 
phase (fig. 7.18). There was no evidence of the existence of (Nb,Ti)3 Si and the Cr-rich 
C14 Laves phase in the heat-treated microstructure.
As in 1500KZ3, (Nb,Ti)ss had been homogenised (there was no Ti-rich (Nb,Ti)ss) and 
the Si concentration was reduced to values below 1 at.% (tables 7.5 and 7.6). The Cr 
concentration in the aNb5Si3 was below 0.6 at%. However, there were areas in the 
interiors of aNbsSis that exhibited a light-grey contrast. These were found to be 
leaner in Ti compared to the surrounding aNbgSis and did not contain any Cr (see 
table 7.6), It seems that during heat-treatment the Cr and Ti had diffused from 
aNbsSi3 to (Nb,Ti)ss.
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TiN particles were also present at the edges of the heat-treated specimen. This is not 
so evident in fig. 7.17, where, probably, the thin black phase that surrounds some of 
the (Nb,Ti)ss grains is titanium nitride.
Table 7.6 EPMA analysis for the as-cast and heat treated KZ4
As-cast Nb (at.%) Ti(at.%) Si (at.%) Cr(at.%)
Surface 50.5 - 53 23.9 - 25.3 15 .5 -17 6.3 - 8.1
Bulk 50.2-53.2 24.2 - 25.2 15.5 -16.9 6.6 - 7.6
Bottom 5 0 -5 1 .8 24 .3-25.1 15.4-17.3 6 . 9 - 8 . 0
(Nb,TV 50.3 - 69.8 20.1 -32.8 1 -2 .3 7 .8 -1 5 .2
Ti-rich (Nb,Ti)ss' 47.0 - 48.2 32.7 - 34.9 2.2-3 15-17 .0
(Nb,Ti)3Sf 4 6 - 4 8 . 8 17.7-28.4 23.2 - 23.9 0 .6 -1 .7
Ti-rich (Nb,Ti)3Si“ 31.7- 37 .0 37.2 - 42.3 21.1-23.1 2.7 - 4.7
aNbsSi3 41.1- 48 .8 14.51-22.7 34.2 - 36.2 0 .2 -1 .1
Cl 4 Laves® 21 .3 -2 2 .4 18.2-19.1 10.1 -10.3 48.8 - 49.4
Ti-rich Cl4 Laves* 16.7-21.2 21.4- 25 .9 8.5 -10.8 46.6-49.6
Heat-treated 
at 1500 "Cfor 100 h
Bulk 51.4-53.6 24 - 24.6 15.5-18.5 5.9 - 6.8
(Nb,TiXs 60.2 - 60.8 26.8 - 27.3 0 .5 -1 .0 11.4-12.3
aNbsSig 41.3-43.8 19.8-20.2 35.5-36.0 0.3 - 0.6
Ti-poor oNbgSis 44.3 - 47.5 15-1 9 .7 35.5 -36 .0 -
a) This was the dominant composition of the (Nb,Ti)ss.
b) The Ti-rich (Nb,Ti)ss was observed at the edges of primary dendrites (BSE contrast)
c) This was the dominant composition of the (Nb,Ti)3Si.
d) The Ti-rich (Nb,Ti)3Si phase existed in the interdendritic regions of (Nb,Ti)ss dendrites, around 
the C14 Laves phase and had higher Cr content compared to the (Nb,Ti)3Si,
e) In the Cl4 Laves phase, (Cr+Si) = 57.4-59.6 at. %.
f) Usually Nb/Ti >1, but in some cases Nb/Ti <1.
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Figure 7.10 X-ray diffractogram of the as-cast KZ4
(Nb,Ti)3Si(Nb,Ti> C14 Laves
Figure 7.11 BSE image (x300) of a cross sectional area near the surface of the ingot that shows 
interpenetrating primary Nbjs (white phase) and faceted Nb3Si dendrites (grey phase), along with a Cr- 
rich C14 Laves phase (black phase).
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Figure 7.12 BSE images, (a) xlOO and (b) x350 respectively, of areas parallel to the bottom of the 
ingot that show two kinds of characteristic regions: (i) region (A) that consist of primary (Nb,Ti)ss 
(white phase) and NbsSi (grey phase), along with C l4 Laves phase (black phase), and (ii) region (B) 
that consist of irregular (Nb,Ti)ss (white phase) and aNbsSia (dark grey phase).
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Figure 7.13 BSE image (xl200) of a cross-sectional area from the middle of the ingot. In the indicated 
six points, EDX spot analysis has been carried out. The results are listed below.
Spot Phase Nb (at.%) Ti (at.%) Si (at.%) Cr (at.%)
1 (Nb,Ti)3Si 52.6 22.1 24.0 1.3
2 Ti-rich (Nb,Ti)3Si 46.0 28.4 23.9 1.7
3 (Nb,Ti)„ 66.8 21.9 2.3 9.0
4 Ti-rich (Nb,Ti)„ 33.1 48.2 2.6 16.1
5 C14 Laves 21.3 19.1 10.1 49.5
6 Ti-rich (Nb,Ti)3Si 37.0 37.2 21.1 4.7
The above results indicate that there was Ti segregation in both primary (Nb,Ti)ss and faceted 
(Nb,Ti)3Si. In some cases, at the edges of these dendrites: Nb/Ti <1.
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Figure 7.14 The Cr solubility was almost proportional to the Ti solubility in (Nb,Ti)s
Eutectoid of 
(Nb,Ti)„ and aNbsSia (Nb,Ti),
(Nb,Ti)3Si Cr-rich C14 silicide Laves phase
Figure 7.15 BSE image (xl500) of an area parallel to and near the bottom of the ingot. It is evident 
that the transformation of (Nb.T^Si (points 3 and 4) into a eutectoid of (Nb,Ti)ss and aNb^Sig with a 
lamellar microstructure has occurred. The points 1,2 and 5 correspond to the C14 Laves phase.
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(Nb,Ti> aNbsSia
Figure 7.16 BSE image (xl500) of a cross sectional area from the bottom of the ingot.
Table 7.7 EPMA results for the bottom of the KZ4 ingot
Bottom of the KZ4 ingot Nb (at.%) Ti (at.%) Si (at.%) Cr (at.%)
(Nb,Ti)*, 56 - 59.7 27.1 -29.2 1-2 .3 11.8- 12.7
aNbsSij 41.1 -48.8 14.5-22.7 34.2 - 36.2 0.2-  1.1
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(Nb,Ti) Ti-poor aNbsSij surrounded by oNbsSij
h
t i
200pm
aNbsSij
Figure 7.17 The microstructure of KZ4 after heat-treatment for 100 h at 1500 "C consisted of aNbsSij 
and a Cr-containing (Nb,Ti)ss. The grey regions in the dark grey grains of aNbgSia correspond to Ti- 
poor aNbsSia.
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Figure 7.18 X-ray diffractogram of the heat-treated Nb-24Ti-18Si-5Cr (1500K2^).
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7.4 The Nb-24Ti-18Si-5Al alloy (KZ7)
As-casti According to large area analyses. Si concentration was at least 2 at.% lower 
than the respective nominal compositions, as in KZ3 and KZ4 (table 7.8). The EPMA 
and XRD studies showed that the phases that existed in the ingot were the (Nb,Ti)ss 
and pNbsSis (table 7.8 and figure 7.19); the (Nb,Ti)3 Si was not present. The presence 
of these phases was verified not only with XRD (fig. 7.19), but also with TEM. In 
figure 7.20 selected area dififactions patterns of (Nb,Ti)ss and PNbsSis are shown.
The microstructure of the Nb-24Ti-18Si-5Al ingot consisted of primary 
pNbsSis grains that were surrounded by irregular eutectic of (Nb,Ti)ss and pNbsSis 
(in the eutectic, the pNbsSis was the minor phase and appeared as isolated islands) 
and (Nb,Ti)ss dendrites (fig. 7.21). This eutectic was different from the eutectic of 
(Nb,Ti)ss and NbgSi in the KZ3 alloy that is predicted that exist in the Nh-Ti-Si system 
(§2.3.3), and therefore, its formation has been caused because of the Al addition.
In the BSE images, the dark grey regions (fig. 7.22) correspond to the pNbgSig phase 
with higher Ti content, which was as high as 23.5 at% (table 7.8). The sum of the Si 
and Al concentrations in pNbgSig varied between 35.1 and 36 at.% and the ratio of 
(Nb+Ti)/(Si+Al) was -1.8, which is slightly larger than the ratio 5:3 and indicated 
that in this phase Al atoms substitute for Si atoms and Ti atoms for Nb atoms.
The Ti-segregation was also evident in (Nb,Ti)ss dendrites (fig. 7.22); Ti-rich 
(Nb,Ti)ss regions had higher Al content (table 7.8). The Si-content in (Nb,Ti)ss was at 
the same levels with that of the as-cast KZ3 (table 7.5 vs table 7.8).
Near the surface and the centre of the ingot (Nb,Ti)ss dendrites were more evident 
(fig. 7,21, 7.22 and 7.23). The microstructure near the bottom of the ingot was 
distinctly finer due to the rapid cooling that prevailed in this part of the ingot, and the 
presence of (Nb,Ti)ss dendrites was suppressed (fig. 7.24). This also occurred in the 
as-cast KZ3, although in that case the eutectic consisted of (Nb,Ti)ss and NbgSi,
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Heat-Treated at 1500 Cfo r 100 h (1S00KZ7): In 1500KZ7, the NbgSig and (Nb,Ti)ss 
existed in co-continuous formation, and in some of the NbsSis grains precipitates of 
(Nb,Ti)ss were dispersed (fig. 7.25). According to XRD (fig. 7.26) and selected area 
electron diffraction (fig, 7.27), the niobium silicide was the aNbsSis and not the 
pNbsSia.
The sum of the Si and A1 concentrations in aNbgSis varied between 35.8 and 36.8 
at.% and the ratio (Nb+Ti)/(Si+Al) was between 1,7 and 1.8 and closer to the ratio 5:3 
than that observed in the PNbsSis (table 7.8).
As in 1500KZ3, the (Nb,Ti)ss had been homogenised (there was no Ti-rich (Nb,Ti)ss) 
and the Si concentration was reduced to values below 0.7 at.% (tables 7.5 and 7.8). 
The A1 concentration in (Nb,Ti)ss was higher than that in the as-cast condition (table 
7.8). Furthermore, table 7.8 shows that the A1 concentration in aNbsSis (present in the 
heat-treated condition) was less than in pNbsSis (present in the as-cast condition). It 
seems that after the heat treatment, the A1 concentration in the (Nb,Ti)ss was increased 
owing to the diffusion of A1 from the pNbsSis to the (Nb,Ti)ss.
Considering the existence of the two-phase NbgSig and (Nb,Ti)ss region in the partial 
section of the Nb-Si-Al system at 1500 °C (§2.6.1) and that aNbsSis and (Nb,Ti)ss are 
the equilibrium phases in Nb-Si phase diagiam (§2.2) for Si concentrations up to 37.5 
at.% and temperatures up to 1765 °C, it is suggested that the (Nb,Ti)ss and aNbsSia 
were equilibrium phases and KZ7 had reached equilibrium after heat treatment at 
1500 for 100 h. The PNbsSia is a high temperature phase that had been transformed 
to aNbsSia via a solid-state transformation.
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Table 7.8 EPMA analysis o f the as-cast and heat-treated KZ7
As-cast Nb (at.%) Ti (at.%) Si (at.%) A! (at.%)
Bulk 5 1 - 5 4 .7 24 .8-27.1 15.1 - 17.4 4.9 - 5.5
53.9 - 65.9 25 - 37.6 1.6 -2 .4 5.8 - 6.6
Ti-rich (Nb,Ti)^s 49.4 - 51.4 39.7-45.1 2 .1 - 2 .9 6.1 -7.1
pN bsSis' 44.7 - 48.4 16.1 - 18.4 31 .6 -33 .2 3 .3 -3 .8
Ti-rich pNhsSis^* 41.1 -4 5 19.3-23.5 31.4-33.5 3 .7 -4 .2
Heat-treated  
at 1500"C for lOOh
Bulk 52.6 - 54.4 24.3 - 25.5 15.3-18.1 4 . 6 - 5
(Nb,Ti)ss 62.2 - 62.8 29.2 - 29.9 0.1 -0 .7 7.3 - 7.7
aNbgSis" 43 .7 -4 6 .7 16.7 - 19.6 31.9-34.5 2 - 3 . 8
Ti - rich oNbgSis 40 - 43.3 20.3-23.3 33.6-35.1 1.6 -2 .2
a) This was the dominant composition of the (Nb,Ti)sg.
b) Ti-rich (Nb,Ti)ss regions were observed in (Nb,Ti)ss dendrites.
c) This was the dominant composition of the PNbsSis phase.
The sum of the Si and A1 concentrations was 35.1-36 at.%
d) The Ti-rich PNbsSis existed at the interfaces of the pNbsSij with the (Nb,Ti)ss, or was dispersed 
in(Nb,Ti)gg.
e) The sum of the Si and A1 concentrations was 35.8-36.8 at.%.
As-cast KZ7
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Figure 7.19 X-ray diffractogram of the as-cast Nb-24Ti-18Si-5AI alloy (KZ7).
92
CHAPTER 7 RESULTS
(M),l 1)
211
Oil
200 •
000
211 .
Oil
211#
211 200 ##
B = z = [011]
6 62
742 S42
■
# 220-•  no 000 *
- 5 . ,
#  110 220
• 511  . . .
•  4 2 1 . . .
. 3 3 1 - - -
. 2 4 1
B = z = [116]
Figure 7.20 Selected area electron diffraction patterns of the (Nb,Ti)ss and pNbgSig in the as-cast Nb- 
24Ti-18Si-5Al alloy (KZ7).
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pNbsSij finely dispersed in (Nb,Ti)ss
Figure 7.21 BSE image (x750) of a cross section near the surface of the ingot. The microstructure 
consists of primary pNbsSij, irregular eutectic of (Nb,Ti)ss and pNbsSia, and (Nb,Ti)ss dendrites.
8
W
Ti-rich PNbsSia PNbsSij Ti-rich (Nb,Ti), (Nb,Ti),
Figure 7.22 BSE image (x750) of a central area parallel to the bottom of the ingot.
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Figure 7.23 BSE image (x750) of a cross-section near the centre of the ingot.
Figure 7.24 BSE image (x750) of a cross section near the bottom of the ingot.
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Figure 7.25 In the microstructure of the heat-treated (100 h at 1500 “€) Nb-24Ti-18Si-5Al alloy 
(1500KZ7), the (Nb,Ti)ss existed along with aNbgSig in a co-continuous formation while (Nb,Ti)gs 
precipitates were dispersed in aNbgSi].
KZ7 afte r 100 h a t 1500 °C
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Figure 7.26 X-ray diffractogram of the Nb-24Ti-18Si-5AI alloy (KZ7) after heat-treatment at 1500 
for 100 h.
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Figure 7.27 Selected area electron diffraction patterns of the (Mb.Ti),, and aNbgSig in the heat-treated 
(100 h at 1500 T )  Nb-24Ti-18Si-5Al alloy (KZ7).
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7.5 The Nb-24Ti-18Si-5Cr-5Al alloy (KZ5)
As-cast: Large area analyses showed that Si and Cr concentrations were at least 2 at, 
% lower and higher than the respective nominal compositions, like in KZ4 (table 7.9). 
The microstructure of the as-cast alloy KZ5, like KZ7, consisted of primary 
pNbsSis surrounded by irregular eutectic of (Nb,Ti)ss and piSlbsSis, and (Nb,Ti)ss 
dendrites (table 7.9, figs. 7.28 and 7.29). The A1 and Ti concentrations in the (Nb,Ti)ss 
and pNbsSis were the same as in KZ7 (table 7.8 vs. table 7.9). In PNbsSis, the ratio 
(Nb+Ti+Cr):(Si+Al) was between 1.7 and 1.9 which is not significantly, different 
from 5:3, thus indicating, that in this phase A1 atoms substitute for Si atoms, while Ti 
and Cr atoms substitute for Nb atoms.
Because of the Cr addition, in very few areas in the centre and near the surface of the 
ingot there were also small regions of a Cr-rich phase at the depressions of (Nb,Ti)ss 
dendrites. This phase had the same composition with that of the Cr-rich C14 silicide 
Laves phase that was observed in the KZ2 alloy (see below §7.7). This Laves phase 
was surrounded with Ti-rich (Nb,Ti)ss (figure 7.30); according to table 7.9, the Ti-rich 
(Nb,Ti)ss had higher A1 and Cr content. It seems that the formation of the Laves phase 
was related with the growth of (Nb,Ti)ss dendrites during solidification.
Ti-rich areas existed not only at the depressions of (Nb,Ti)ss dendrites hut also round 
PNbsSis grains at the interface of the NbsSig with the (Nb,Ti)ss (table 7.9 and figure 
7.29). Titanium, Cr and A1 segregation was particularly evident at the edges of 
(Nb,Ti)ss dendrites. In figures 7.29 and 7.30, Ti-rich (Nb,Ti)ss areas are noticeable by 
their lower back scattered electron yield; (Nb,Ti)ss exhibits darker contrast as the Ti 
concentration increases. Spot analysis showed that the Cr solubility in (Nb,Ti)ss 
increased with Ti concentration (fig. 7.31), as for the KZ4 (see figure 7.14).
Heat-Treated at 1500 "C fo r 100 h (1500KZ5): The microstructure of KZ5, after heat 
treatment at 1500 °C for 100 h, was similar to that of the heat-treated KZ7 and 
consisted of irregular large grains of a  or pNbgSi] distributed unevenly in the 
(Nb,Ti)ss matrix (table 7.9, fig. 7,32a and fig. 7.33). As in the KZ7 alloy, after the 
heat treatment, the A1 concentration in NbsSia was lower than in pNbsSig (present in
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the as cast condition) and higher in the (Nb,Ti)ss compared to the as-cast condition. 
The sum of the Si and A1 concentrations in NbgSig varied between 34.3 and 35.3 at.% 
and the ratio (Nb+Ti+Cr):(Si+Ai) was between 1.8 and 1.9, which is similar to that 
observed in the pNbgSis of the as-cast condition.
Very few NbsSis grains contained (Nb,Ti)ss precipitates. Furthermore, small dark grey 
precipitates had formed around some of the (Nb,Ti)ss grains. Most of these 
precipitates were not large enough (<1 pm) for accurate EDX analysis, but their 
composition was similar to the Laves phase that was present in the as-cast condition.
Heat-treated twice at 1500 fo r 100 hi The fine dark grey precipitates became more 
evident alter a second heat-treatment at 1500 °C (fig, 7.34) that was done for further 
homogenization of the alloy.
The sum of the Si and A1 contents in the Nb^Sig varied between 35.6 and 36.6at.% 
and the ratio (Nb+Ti+Cr):(Si+Al) was between 1.7 and 1.8 and very close to the ratio 
5:3 (table 7.9). The Cr and A1 contents in the NbgSig had been reduced further, but 
there were still some Ti-rich afeas in NbgSig where the Cr and A1 concentrations were 
about at the same level with those of the NbsSis of the 100 h heat-treated 
microstructure (table 7.9). The preceding data would thus suggest that during the heat 
treatment, A1 and Cr diffused from the pNbsSis to the (Nb,Ti)ss.
The XRD results (fig. 7.32b) showed more peaks of the aNbsSis phase, with higher- 
relative intensities than those of the pNbgSig. This would suggest that the 
transformation of pNbsSis to aNbgSi] had progressed further with the second heat 
treatment but had not been completed, since there was still some remaining 
PNbsSia phase.
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Table 1.9 EPMA analysis o f the as-cast and heat-treated KZ5
As cast Nb (at.%) Ti (at.%) Si (at.%) Cr(at.%) Al (at.%)
Bulk 45.6 - 47.8 24.1 -25 .5 16.1 - 17.4 6.8 - 7.6 4.7 - 5.2
(Nb,Ti)ss" 52.7 - 55.9 25 .9 -2 7 .6 2 - 2 . 1 1 0-1 1 .4 6 - 6.4
Ti-rich (Nb,Ti)ss" 41 - 50.4 28.7 -35 .3 1.6-2.3 12 .8 -1 6 5.9 - 6.7
PNbsSis" 4 5 - 4 6 . 8 16.7 -17.6 31 .7 -33.2 1.2 -1 .5 3 .1 -3 .7
Ti-rich pNbsSia'* 36.7 - 43.6 19.1-25.2 30.8 - 32.5 1.5 -2 .7 3 . 3 - 4
Cl  4 Laves® 21 .2 -2 3.6 18.3-20.5 8.9 -12.3 43.7- 48 .7 1.7-2 .3
Heat-treated 
at 1500 ®C for 100 h
Bulk 47.3 - 48.6 24.1 -24.4 14 .5 -17 6.7 - 8.5 4 . 8 - 4 .9
(Nb,TiXs 52.8 - 56.2 26.2 - 28.5 0 .5 -1 .2 9 .9 -11 .4 6 - 7
NbsSia* 40.1 -41.3 2 1 .6 -2 3 30.9-32.1 2 . 3 - 3 3 - 3 . 8
Heat-treated twice 
at 1500 “C for 100 h
Bulk 46.2 - 47.2 24.7 - 24.9 15.3 -17.9 6.5 - 7.8 4 . 8 - 5
(Nb,Ti)s, 51.5 -53 .2 27.5 - 28.7 0 - 0 . 6 11 .5-12.8 7.2 - 7.8
NbsSis® 41 .5 -4 4.9 18.5-21.8 33.4 -35 .4 0 - 0 . 9 1.4-2 .5
Ti-richNbsSia 39.3 -43.9 21.1 -23.5 3 0 -3 1 .8 1 . 2 -3 2 . 6 - 4
a) This was the dominant composition of the (Nb,Ti)ss.
b) Ti-rich (Nb,Ti)ss regions were observed in (Nb,Ti)ss dendrites.
c) This was the dominant composition of the Nb^Sig phase.
The sum of the Si and A1 concentrations was 34.9-36.9 at.%
d) The Ti-rich NbsSig existed at the interface of the NbsSig with the (Nb,Ti)ss.
e) A few small regions with the €14 Laves phase existed in the bulk and near the sui'face of the ingot.
f) The sum of the Si and A1 concentrations was 34.3-35.3 at.%.
g) The sum of the Si and A1 concentrations was 35.6-36.6 at.%.
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Figure 7.28 X-ray diffractogram of the as-cast Nb-24Ti-18Si-5Cr-5Al alloy (KZ5).
(Nb,Ti) Ti-rich (Nb,Ti> Cr-rich C l4 silicide Lav^ phase
&
PNbjSis Ti-rich Irregular eutectic of (Nb,Ti)ss dendrite 
pNbsSia PNbjSij and (Nb,Ti)ss
Figure 7.29 BSE image of a cross sectional area near the surface Nb-24Ti-18Si-5Cr-5Al ingot (KZ5). 
The regions that exhibit dark contrast in (Nb,Ti)ss dendrites and in PNbsSis have higher Ti content.
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Figure 7.30 X-ray map of an area from the centre of the KZ5 ingot that reveals the presence of the Cr - 
rich C14 Laves phase.
Variation o f C r v s . Ti co n cen tra tio n  
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Figure 7.31 The Cr solubility was almost proportional to the Ti solubility in (Nb,Ti)s
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KZ5 after 100 h at 1500 °C
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KZ5 after 200 h at 1500 °C
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Figure 7.32 (a) X-ray diffractogi am of the heat-treated Nb-24Ti-18Si-5Cr-5Al alloy (KZ5) and (b) X- 
ray diffractogram of the twice heat-treated Nb-24Ti-18Si-5Cr-5Al alloy (KZ5).
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Figure 7.33 (a) BSE image (x300) of a section parallel to the bottom of the 100 h heat-treated KZ5. (b) 
BSE image (x2000) o f an area parallel to the bottom of the 100 h heat-treated KZ5 ingot. Around the 
NbsSia grains precipitation of the ternary C14 Laves phase had taken place.
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(Nb,Ti)ss precipitates in 
NbsSij grains
C14 Laves precipitates 
round OVb,Ti)ss
image
Ti-rich NbsSij Titanium nitrides (Nb,Ti)*s NbsSis
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Figure 7.34 BSE images of the Nb-24Ti-l8Si-5Cr-5Al alloy (KZ5) after two heat-treatments at 1500 
“C for 100 h: (a) Partial transformation of pNbsSis to aNbsSia via precipitation of (Nb,Ti)ss is more 
evident, (b) Cr-rich C14 silicide Laves precipitates formed on the (Nb,Ti)ss grain boundaries.
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7,6 The Nb-24Ti-6Ta-18Si-5Cr-5AI alloy (KZ6)
As-cast: Large area EDX analysis indicated that the Si loss was not as large as in the 
non-Ta containing alloys, but its variation was quite high 17.1-2L6 at.%; this alloy 
was homogenised to a lesser extent compared to the previous alloys (all the alloys 
were re-melted four times, see §6.3). EPMA and XRD studies revealed the presence 
of (Nb,Ti)ss and pNbsSis (table 7.10 and fig. 7.35). The microstructure of the as-cast 
KZ6, consisted of primary pNbsSia surrounded by irregular eutectic of (Nb,Ti)ss and 
pNbsSia, and (Nb,Ti)ss dendrites, but unlike the KZ5 alloy, the Cr-rich Cl4 Laves 
phase was not present in the microstructure (fig, 7.36).
The Si solubility in (Nb,Ti)ss in the other as cast alloys was less than 2.7 at.%, while 
in this alloy it is more than 4 at.%. This shows that Si concentration in (Nb,Ti)gg had 
been increased with the Ta addition. It seems that in a Ta containing alloy, during 
solidification of (Nb,Ti)ss, the remaining liquid is poorer in Si than that in an non-Ta 
containing alloy. Since the C14 Laves phase was not present, this phase is a Si- 
modified Laves phase and its presence is connected not only with Cr or Ti 
concentrations in the liquid but also with Si concentration.
The sum of the Si and Al concentrations in pNbsSig was 36.3-38.9 at.% and the ratio 
(Nb+Ti+Cr+Ta):(Si+Al) was between 1.6 and 1.8 and close to the ratio 5:3. Some of 
the pNbsSis grains, which were finely dispersed in the (Nh,Ti)ss matrix, were 
particularly rich in Ti (table 7.10 and fig. 7.36), but the TigSig phase was not present. 
The variation of Ti in pNbgSig (17-29.9 at.%; table 7.10) was higher than that of the 
KZ5 alloy (16.7-25.2 at.%; table 7.9). This indicates that during solidification the 
solute redistribution in the solid got more sluggish with the Ta addition.
Heat-treated at 1500 fo r 100 h (1500KZ6): According to the XRD (fig. 7.37a), the 
microstructure of the KZ6 alloy, after the heat-treatment, consisted of (Nb,Ti)ss, 
aNbsSis and PNbgSig. In the microstructure there was co-continuous formation of 
a  or pNbgSig and (Nb,Ti)ss, but in contrast to the 1500KZ5, fine (Nb,Ti)ss particles 
were dispersed in NbsSis (fig. 7.38a vs. fig. 7.33a)
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Ti-rich (Nb,Ti)ss did not exist in the microstructure which shows that homogenization 
of the (Nb,Ti)ss took place. On the other hand, segregation was particularly, evident in 
the NbgSig. According to the EPMA results (table 7.10), the Ti-rich areas in NbsSia 
had lower Ta content and imaged darker under BSE imaging conditions (fig. 7.38a). 
Also, the levels of Cr and Al concentrations in the NbgSis were lower compared to 
those in the pNbsSis of the as-cast microstructure (table 7.10).
The sum of the Si and Al concentrations in NbsSia was 37.2-38.4 at.% and the ratio 
(Nb+Ti+Cr+Ta):(Si+Al) was 1.6-1.7 and closer to the ratio 5:3 than that observed in 
the pNbsSig of the as-cast microstmcture
Heat-treated twice at 1500 fo r 100 h: After a second heat treatment, the Ti-rich 
areas were not so evident as in the 1500KZ6 (fig. 7.38a vs. fig. 7.38b), while the 
concenti ations of Cr and Al in the NbsSis were reduced further (table 7.10).
The (Nb,Ti)ss was further homogenised since the at.% variation in the concentration 
of each substitutional element was reduced compared to the 1500KZ6 (table 7.10). 
The compositions of NbsSis and Ti-rich NbgSig were almost the same (table 7.10). 
This is reflected by the low BSE contrast between the NbsSia and the Ti-rich NbsSia 
(fig. 7.38b). The sum of the Si and Al concentiations in NbgSia was 37.9-38.9 at.% 
and the ratio (Nb+Ti+Cr+Ta):(Si+Al) was ~1.6 (slightly less than that of the 
1500KZ6).
The XRD results where similar with those of the 1 OOh-heat-treated specimen (fig. 
7.37). However, the relative intensities of PNbsSia were slightly lower compared to 
those in the XRD of the 1500KZ6 (7.37b vs 7.37a). This would suggest that the 
transformation of pNbsSia to aNbsSig had progressed further with this heat treatment, 
but not to a great extent.
107
CHAPTER 7 RESULTS
Table 7.10 EPMA analysis of the as-cast and heat-treated KZ6
As cast Nb (at.%) Ti (at.%) Ta (at.% ) Si (at.%) Cr (at.%) Al (at.%)
Bulk 38 .2 -4 1 23.1 -26.5 4.2 - 6.5 17.1-21.6 5.9 - 7.5 4 - 5
(NbJi)ss 43 -50.1 23 - 27.9 6.6 - 9.2 4 - 7 . 2 7 .9 -1 2 .6 5.3-6 .1
Ti-rich (Nb,Ti)ss^ 33 .2 -4 0.8 29.8 - 37.5 3.6 - 5.9 3 .8 - 7 .4 12.7-15.5 5.8 - 6.7
PNbsSia*^ 37.8-40.5 17-1 8 .4 4 - 4 . 9 3 4 -3 5 .7 1.1 - 1.6 2 .8 -3 .5
Ti-rich pNbsSij'' 28 .9 -3 7 .9 20.2 - 29.9 2 - 3 . 8 32 - 34.6 1.7-4.1 2 . 9 - 3 .9
H eat treated at 
1500 T  for 100 h
Bulk 38.3 -40.4 23.1-24.1 4 . 9 - 6 . 1 17.7-21.6 6 . 1 - 7 . 5 4 - 5
(Nb,Ti)ss 42.7-47.3 25.6 - 28.7 6.7 - 8.3 2.8 - 5.3 8.7 -12.2 6.6 - 7.7
NbsSia *^ 37.5 - 39.8 16.9-19.9 4.4 - 5.6 34-37.1 0 - 1 . 4 1.4-3 .3
Ti - rich NbsSig 34.8- 37.6 21.1 -23.3 2.9 - 4.8 33.1 -35.7 0 - 2 . 8 2 - 3 . 5
H eat treated twice 
at 1500 “C for 100 h
Bulk 39.5 - 40.7 23.2-25.1 5 .3 -6 .5 17.4-21.6 5.9-7 .1 4 - 5
(Nb,TiXs 41.9-42.5 26 .6 -27 .3 7 - 7 . 8 3 .5 -5 .5 10.6-11.9 7.1 -7 .6
NbsSis® 37 - 37.9 18.7-19.4 4.2 - 5.3 36.4 - 37.5 0 - 0 . 7 1 . 4 - 2
Ti-richNbsSia 36 .2 -35 .8 19.8-21.4 3 .3 - 4 .4 35.9-37.1 0 - 0 . 8 1 . 8 - 2
a) Ti-rich (Nb,Ti)ss regions were obseiwed in (Nb,Ti)ss dendrites.
b) The sum of the Si and Al concenti ations was 36.3-38.9 at.%.
c) The Ti-rich NbsSia existed near the interface of the NbsSia with the (Nb,Ti)ss.
d) The sum of the Si and Al concentrations was 37.2-38.4 at.%.
e) The sum of the Si and Al concenti ations was 37.9-38.9 at.%.
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Figure 7.35 X-ray diffractogram of the as-cast Nb-24Ti-6Ta-l 8Si-5Cr-5Al alloy (KZ6), 
Primary pNbsSij Ti-rich pNbsSia (Nb,Ti)„ dendrite
ë
100|jm
(Nb,Ti)s, Ti-rich (Nb,Ti) BSE image x500 {^regular eutectic of PNbjSia and (Nb,Ti)ss
Figure 7.36 Microstructure of the as-cast Nb-24Ti-6Ta-l 8Si-5Cr-5Al alloy (KZ6).
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KZ6 after 100 h at 1500 °C
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Figure 7.37 (a) X-ray diffractogram of the heat-treated Nb-24Ti-6Ta-18Si-5Cr-5Al alloy (KZ6). (b) X- 
ray diffr-actogi am of the twice heat-h eated Nb-24Ti-6Ta-18Si-5Cr-5Al alloy (KZ6).
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Figure 738 Microstructure (BSE images) of the Nb-24Ti-6Ta-18Si-5Cr-5Al alloy (KZ6): (a) after
heat-treatment at 1500 °C for 100 h and (b) after two heat-treatments at 1500 °C for 100 h.
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7,7 The Nb-24Ti-18Si-8Cr-4Al alloy (KZ2)
As~casti In this alloy, not only the Si loss was noticeable, but also there was variation 
in the concentrations of Si and to a lesser extent, of Cr between the top and bottom 
areas of the ingot (table 7.11).
The microstmcture was similar to KZ5 and consisted of primary pNbsSis surrounded 
by irregular eutectic of (Nb,Ti)ss and pNbsSis, and (Nb,Ti)ss dendrites, but the Cr-rich 
C14 Laves phase was more evident at the depressions of (Nb,Ti)ss dendrites 
throughout the ingot and could be detected with XRD (fig. 7.39 and 7.40). In the X- 
ray diffractogram, the peak of the Cl 4 Laves phase that occurs at 20 = 42.9 degrees (d 
= 2.108 Â) corresponds to the highest intensity peak of the JCPDS reference card, 47 
- 1638 of the C14 Cr2Nb in the Appendix 1 (for the rest of the peaks see XRD data for 
as-cast KZ2 in Appendix 2)
The stmcture near the bottom of the ingot was finer compared with that near the 
surface of the ingot (fig. 7.41 and 7.42). The levels of Si were lower in areas near the 
bottom, and, thus the area firaction of (Nb,Ti)ss was higher in the bottom of the ingot. 
The area ffabtion of the Cl 4 Laves phase was higher in the bottom of the ingot (7 to 9 
% near the bottom and 4 to 6 % near the surface of the ingot), which would suggest 
that the formation of this Laves phase is related with the formation of (Nb,Ti)ss.
The Laves phase was more evident in this alloy because of the higher Cr 
concentration and its composition was similar to that observed in the as-cast KZ5 
(table 7.11 vs. table 7.9). The Si content of the Laves phase was 9.3-12.1 at.% and by 
considering that Si and Al atoms substitute for Cr atoms (Livingston, 1994) and that 
Ti atoms substitute for Nb atoms it is concluded that this phase is a C14 silicide Laves 
phase, like the p-phase given in the isothermal section of the Nb-Cr-Si system at 
1000®C (Goldschmidt and Brand, 1961). In the Cr-rich C14 silicide Laves phase the 
sum of the Cr, Si and Al concentrations was 58.8-62.2 at.%, and the ratio 
(CrLSi+Al):(Nb+Ti) was 1.5-1.6, which is approximately equal to 2.
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Segregation of Ti, Cr and Al was particularly evident at the edges of (Nb,Ti)ss 
dendrites; the Ti-rich (Nb,Ti)ss was richer in Al and Cr than (Nb,Ti)ss, as for the KZ5 
and KZ6 alloys. The variation of Ti in pNbgSù (17-23.1 at.%; table 7.11) was almost 
at the same level as that of the KZ5 alloy (16.7-25.2 at.%; table 7.9). In pNbsSis the 
sum of the Si and Al concentrations was 34-36.2 at.%, and the ratio 
(Nb+Ti+Cr):(Si+Al) was between 1.8 and 1.9.
Heat-Treated at 1500 fo r 100 h: After the heat-treatment, the faces of the 
specimen that was wrapped with Ta-foil were slightly deformed and some parts of the 
Ta-foil were bonded with the specimen. These were indications that the specimen had 
experienced partial melting during the heat treatment. Thus, instead of 
homogenization, liquation had occuned.
The microstmcture after 100 h at 1500 ®C was significantly different from the as-cast 
one, coarsening had occuned and the NbsSis seemed to be unaffected (fig. 7.43, 7.44 
and 7.45). Precipitation of the Cr-rich C14 silicide Laves phase took place not only at 
grain boundaries of (Nb,Ti)ss but also within the (Nb,Ti)ss grains. The Cr-rich silicide 
Laves phase existed also between the NbsSia grains bridging them, and separating 
(Nb,Ti)ss grains (fig, 7.45). In some regions this Laves phase was in a co-continuous 
formation with the (Nb,Ti)ss (fig. 7.44). This Laves phase was not the same as the one 
that was present in the as cast condition at the depressions of the (Nb,Ti)ss dendrites.
Since liquation had occurred during the heat treatment at 1500 °C, the alloy was heat- 
treated at 1400 “C to homogenize its microstmcture.
Heat-Treated at 1400 fo r 100 h: After this heat-treatment, homogenization of the 
as-cast microstmcture took place, precipitation of the Cr-rich C14 silicide Laves 
phase occuired at the grain boundaries of the (Nb,Ti)ss, and precipitates of (Nb,Ti)ss 
within the NbsSia grains were also present (fig. 7.46 and 7.47).
Both the aNbgSis and pNbgSia were present in the microstmcture (fig. 7.46). In 
NbsSis the sum of Si and Al was 35.7-36.9 at.%, and the ratio (Nb+Ti+Cr);(Si+Al) 
was 1.7-1.8 and closer to 5:3 than in the PNbsSis of the as-cast microstmcture.
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Furthermore, the Cr and Al content were lower in NbsSis after the heat-treatment 
(table 7.11). Thus, the pNbsSia was a metastable phase supersaturated in Cr and Al, 
and after heat-treatment had partially transformed to aNbsSig, in which the Cr and Al 
content was lower.
In the C14 Laves phase, the sum of the Cr, Si and Al concentrations was 61.9-63.3 
at.%, and the ratio (Cr+Si+Al):(Nb+Ti) was 1.6-1.7, which is closer to 2 than that of 
the as-cast Laves phase (1.5-1.6).
Table 7.11 EPMA analysis of the as-cast and heat-treated KZ2
As-cast Nb (at.% ) Ti (at.% ) Si (at.%) C r(at.% ) Al (at.%)
Surface 44.4 - 45.5 23.7 -24 .8 14.8 - 16.7 10.9-11.7 3 .8 - 4 .9
Bulk 44.1 -46.1 23.7 - 24.2 15-17.3 10.7-11.3 3 .7 - 3 .9
Bottom 43.6 -4 6 .2 24.2 - 25.4 11.5-14.2 12-15 .3 3 .8 -4 .2
(N b ,T V 46.5 - 53.8 24.6 - 29.4 1.5-1 .8 14.4 - 16.9 4.8 - 5.3
Ti-rich (Nb,Ti).,“ 33 .5 -4 6.9 30.5 - 44 1.2 -1 .9 15 -17.2 5.1 -5 .9
pNbjSis' 43.9-46.5 17-18 .2 31.1 -33 .6 1 .7 -2 .4 2.6 - 2.9
Ti-rich pMb^Si," 39.3 -43 .3 20-2 3.1 31.1-32.5 2 .5 - 3 .2 2.7 - 2.9
Cl 4 Laves® 20.5 - 28 14.7-18.8 9.3 -12.1 39.9 - 49.6 1.3 -1 .9
Heat-treated  
at 1400 ®C for 100 h
Bulk 43.7 -4 5 .2 23.6 - 24.6 14.7-17.8 9 .7 -11.5 3. 4 -4 .3
(Nb,Ti)ss 49.8 - 53 28 .6 -31.8 0 - 0 . 9 10.2-12.4 6.7 - 7.4
NbsSij' 42.2 - 44.5 19.2 - 20.7 34 .5 -35.4 0.5 -1 .2 1.2-1 .5
Cl 4 Laves® 25.4 - 26.7 10.9-12.5 8.4 - 9.3 50.7 - 52.9 1.9-2 .3
a) This was the dominant composition of the (Nb,Ti)g,.
b) Ti-rich (Nb,Ti)ss regions were observed in (Nb,Ti)ss dendrites.
c) This was the dominant composition of the NbsSia phase.
The sum of Si and Al concentrations was 34 -36.2 at.%
d) The Ti-rich HbgSis existed at the interfaces of the NbgSig with the (Nb,Ti)ss.
e) The sum of the Cr, Si and Al concentrations was 58.8-62.2 at.%.
f) The sum of Si and Al concentrations was 36.1-36.9 at.%.
g) The sum of the Cr, Si and Al concentrations was 61.9-63.3 at.%.
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As-cast KZ2
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Figure 7.39 X-ray diffractogram of the as-cast Nb-24Ti-18Si-8Cr-5Al alloy (KZ2).
C14 Laves Primary pNbgS:) Ti-rich BNbsSis
BSE image x7fIrregular eutectic of ^PNbsSia and (Nb,Ti)ss Ti-rich (Nb,Ti)ss (Nb,Ti)*s (Nb,Ti)^ dendrite
Figure 7.40 BSE image of the as-cast Nb-24Ti-l 8Si-8Cr-4Al alloy (KZ2)
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Figure 7.41 BSE image (xlOOO) of a cross-sectional area near the surface of the KZ2 ingot.
m5 %
30
Figure 7.42 BSE image (xlOOO) of a cross-sectional area near the bottom of the KZ2 ingot.
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KZ2 after 100 h at 1500 °C
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Figure 7.43 X-ray diffractogram of the heat-treated at 1500 "C Nb-24Ti-18Si-8Cr-4Al alloy 
(1500KZ2).
NbsSij Titanium nitride Cr-rich C14 silicide Laves phase
Cr-rich C14 silicide Laves precipitates in and round (Nb,Ti)g, grains
Figure 7.44 BSE images of the Nb-24Tf-18Si-8Cr-4Al alloy (1500KZ2), after heat treatment at 1500 
°C for 100 h (liquation).
117
CHAPTER 7 RESULTS
V. \  tf
Figure 7.45 BSE image (x750) of an area parallel to the bottom of the heat-treated 1500KZ2 alloy. 
EDS spot analysis was carried out at the six indicated points. The results are listed below;
Spot Phase Nb (at.%) Ti (at.%) Si (at.%) Cr (at.%) AI (at.%)
1 C14 Laves 24.5 12 10.4 51.1 2
2 NbsSia 42.3 20 31.9 2.7 3.1
3 NbsSi3 36 26.2 31.7 3.2 3
4 C14 Laves 25.6 10.8 10.7 51 1.9
5 (Nb,Ti),s 50.9 29.2 2.1 10 7.8
6 C14 Laves 23.8 12.6 9.8 52.2 1.7
7 C14 Laves 23.7 12.6 9.4 52.6 1.7
8 (Nb,TiXs 54.9 26.6 2.2 9.3 7
9 Ti nitride 60at%Ti, 38 at.% N and 2 at.% Nb (WDX)
10 (Nb,Ti)ss 49.6 30.1 2.7 10.7 6.9
11 NbjSis 36 26.2 32 2.9 2.9
12 NbgSi; 41.9 19.8 32.1 3.3 2.9
118
CHAPTER 7 RESULTS
KZ2 after 100 h at 1400 °C
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Figure 7.46 X-ray diffractogram of the heat-treated at 1400 °C Nb-24Ti-18Si-8Cr-4Al alloy 
(1400KZ2).
Cr-rich C l4 silicide 
Laves phase
50pm
(Nb,Ti)ss precipitates 
in NbsSia
BSE image x100Q
(Nb,Ti),
%I a
NbsSij
Figure 7.47 BSE image of the Nb-24Ti-18Si-8Cr-4Al alloy (KZ2), after heat-treatment at 1400 "C for
100 h.
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7,8 The Nb-24Ti-6Ta-18Si-8Cr-4Al alloy (KZ8)
As-cast: Large area analysis, like in the as-cast KZ6, indicated that Si loss was not as 
large as in the non-Ta containing alloys, but its variation was quite high 16.6-21.1 
at.% (table 7.12). The microstructure was similar to KZ2 and consisted of primary 
PNbgSi], irregular (Nb,Ti)ss, and small regions of the Cr-rich C l4 Laves phase at the 
depressions of (Nb,Ti)ss dendrites (table 7.12, fig. 7.48 and 7.50). In the X-ray 
diffractogram (fig. 7.48), the peak of the C14 Laves phase that occurs at 20 = 42.8 
degrees (d = 2.113 Â) correspond to the highest intensity peak of the JCPDS reference 
card, 47-1638 of the C14 CriNb in the Appendix 1 (for the rest of the peaks see XRD 
data for as-cast KZ8 in Appendix 2).
The pNbgSi] and the Laves exhibited similar BSE contrast, but it was possible to 
differentiate these phases topogiaphically; the C14 Laves phase seemed to be also part 
of the (Nb,Ti)ss dendrites (fig. 7.50). The sum of the Si and A1 concentrations in 
NbgSis was 36-39 at.% and the ratio (Nb+Ti+Cr+Ta):(Si+Al) was between 1,6 and 
1.8. In the Cr-rich CI4 silicide Laves phase the sum of the Cr, Si and A1 
concentrations was 61.7-62,6 at.%, and the ratio (CrH-Si+Al):(Nb+Ti+Ta) was 1.6-1.7.
Micro-segregation was particularly evident in this alloy. In some regions of the near 
surface microstructure of the ingot, isolated small TigSis grains were “trapped” in or 
between the (Nb,Ti)ss. The Cr concentration in TigSig was larger compared to 
PNbgSi], particularly for the non-Ti rich areas of the pNbgSig, while the AI 
concentration was the same. The Si and Ta concentrations were lower in TigSig 
compared to pNbgSig. The presence of TigSig was not expected since the Ti 
concentration in the alloy did not exceed 25 at.% and is attributed to the sluggish 
solute redistribution and back-diffusion during solidification because of the presence 
of Ta.
Heat-treated at 1500 fo r 100 h (1500KZ8)i The microstructure of 1500KZ8 was 
the same with that of the heat-treated at 1500 °C for 100 h KZ2, since liquation 
occurred also in this alloy. Figure 7.51 shows a BSE image and X-ray elemental maps 
obtained with EDX in EPMA (XRD - fig. 7.49). The Cr-rich C l4 silicide Laves phase
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and the NbgSig could not be differentiated using BSE imaging, but only in the X-ray 
maps where the Cr-rich areas correspond to the Laves phase.
The Ti-rich areas in the Ti X-ray map correspond to TiN. WDX analysis of TIN gave 
Ti concentration between 46-48 at.%, N content between 50-53 at%, Nb content 
between 1.5-2 at%. Ta content lower than 0.3 at.% and no Cr or Al. These nitrides 
were particularly evident near the edges of the heat-treated specimens.
Heat-treated at 1400 fo r 100 h (1400KZ8): According to the XRD, the 
microstructure of the 1400KZ8 consisted of (Nb,Ti)ss, aNbgSig, pNbgSig and Cr-rich 
C14 silicide Laves phase (fig. 7.53). As for KZ2, KZ5 and KZ6, the pNbgSig did not 
fully transform to aNbgSig after 100 h at 1400 ®C. According to the EPMA results 
(table 7.12) the sum of Si and Al content in NbgSig was 35.8-36.8 at.% and the ratio 
(Nb+Ti+Cr+Ta):(Si+Al) was between 1.7 and 1,8, which is closer to the ratio 5:3 than 
that of the as-cast condition (1.6-1.8). In the C14 Laves phase the sum of the Cr, Si 
and Al concentrations was 62.8-64.1 at.%, and the ratio (CrTSi+Al):(Nb+Ti+Ta) was 
1.7-1.8, which is closer to 2 than that of the as-cast Laves phase (1.6-1.7).
The eutectic of the as-cast microstructuie was replaced by a continuous (Nb,Ti)ss, 
which suggests that during this heat-treatment the “isolated” PNbgSig grains that were 
dispersed in the as-cast (Nb,Ti)ss have been dissolved in (Nb,Ti)ss (fig. 7.54 vs. fig. 
7.50). There was precipitation of (Nb,Ti)ss within the NbgSig grains, but precipitation 
of the C14 Laves phase on the grain boundaries of the (Nb,Ti)ss was not so evident as 
in the KZ2 alloy (fig. 7.47 vs. fig 7.54). The Laves phase could be differentiated from 
the silicides, topographically; the Laves phase seemed to be a part of the (Nb,Ti)ss. 
TigSig still existed after this heat-treatment.
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Table 7.12 EPMA results of the as-cast and heat-treated KZ8
As-cast KZ8 Nb (at.%) Ti (at.%) Ta (at.%) Si (at.%) Cr (at.%) Al (at.%)
Surface 35 .9 -38 .8 23 - 24.6 4.2 - 5.2 16,6-21.1 9 .2 -1 1 .9 3 . 3 - 4
Bulk 3 7 - 3 7 .9 23 .5 -2 4 .2 4.2 - 4.6 17.8-20.3 10.7-11.5 3.8-4 .1
Bottom 36.9 - 37.7 18-19 .7 4.1 - 5.2 18-19.7 11.1-13.8 3 . 5 - 4
(Nb,Ti)„ 41.3 -46 .7 22.2 - 29.6 5.6 - 7.6 5,1 -6 .8 12.1 - 14.1 4.4 - 5.1
Ti-rich (Nb,Ti)»“ 26 - 40.8 28 .5 -4 9.2 2 - 6 1.9-4 .3 14.2-16.9 5.2 - 6.2
PNbsSi,” 38.1 -39.7 17.4 -18 3 . 6 - 5 33 .5 -36.7 1 .8 -2 .2 2 .4 - 3 .2
Ti-rich pNbsSij' 29.9 - 35.4 22.1 -29.8 2 . 2 -3 .2 31.7-34.1 3 - 3 . 9 2 . 3 - 3
TisSis" 25.8-31.3 3 0 .5 -3 5 1.2 -2 .8 30.6 - 32.5 3 .7 -4 .7 2 .4 -3 .3
Cl 4 Laves® 19 - 20.3 13.7-14.2 4 - 4 . 3 12.2 - 13 4 7 .3 -4 8.7 1.5-1 .8
Heat-treated at 
1400 for 100 h
Bulk 36.2 - 39.9 22 - 25.3 5 - 6 . 8 17-20.7 7 .2 -1 3 .4 3 . 4 - 4 . 6
(Nb,Ti)ss 4 0 .9 -4 4.7 2 9 - 3 1 5.8 - 7.9 2.4-5 .1 9.1 -11.2 5.9 - 6.9
NbsSij* 37.6- 38 .7 17.1 -19.2 4.7 - 5.9 32.9 - 36.6 0 .6 -1 .7 1.2 -2 .6
Ti-rich NbsSis 36.1 -37.3 19.6-20.6 4.1 -4 .7 36.2 -37 .8 0.6 -1 .1 1 .2 -1 .4
TisSia 25.8- 27 .2 31.2 -31 .9 2 . 6 - 3 33 .6 -34 .9 2 - 2 . 4 2 . 5 - 3 .7
Cl 4 Laves® 18.9-21.5 7.8-11.3 6.2 - 7.5 10.4-13.2 47.2-51.1 1.6 -2 .8
a) Ti-rich (Nb,Ti)ss regions were observed in (Nb,Ti)ss dendrites.
b) The sum of Si and Al content in pNbsSis was 36-39 at.%.
c) The Ti-rich NbgSia existed near the interface of the NbsSij with the (Nb,Ti)ss.
d) Isolated small regions of TigSig were dispersed in/between (Nb,Ti)ss dendrites
e) The sum of the Cr, Si and Al concentrations was 61 ,?-62.6 at.%.
f) The sum of Si and Al concentrations was 35.8-36.8 at.%.
g) The sum of the Cr, Si and Al concentrations was 62.8-64.1 at.%.
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A s-cast KZ8
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Figure 7.48 X-ray diffractogram of the as-cast Nb-24Ti-6Ta-18Si-8Cr-4Al alloy (KZ8).
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Figure 7.49 X-ray difh*actogram of the Nb-24Ti-6Ta-18Si-8Cr-4Al alloy (KZ8) after 100 h at 1500 ®C,
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Cr-rich C14 silicide 
Laves phase Ti-rich (Nb,Ti)*i
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PNbsSia
BSE image x2000 
Ti-rich pNbsSis TijSij (Nb,Ti)
%a
20pm BSE image x2500 Cr-rich C14 silicide
Laves phase
Figure 7.50 BSE images of the as-cast Nb-24Ti-6Ta-18Si-8Cr-4Al alloy (KZ8) (a) near the surface 
and (b) near the bottom of the ingot.
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Figure 7.51 BSE image of the Nb-24Ti-18Si-8Cr-4Al alloy (KZ8) after heat treatment at 1500 °C for
100 h (liquation), and X-ray elemental maps.
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200pm BSE image x250
S8<
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Figure 7.52 BSE images of the Nb-24Ti-18Si-8Cr-4Al alloy (KZ8) (x250): (a) as-cast, (b) after heat- 
treatment at 1400 “C for 100 h and (c) after heat-treatment at 1500 ”C for 100 h.
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KZ8 after 100 h at 1400 °C
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Figure 7.53 X-ray diffractogram of the Nb-24Ti-6Ta-18Si-8Cr-4Al alloy (KZ8) after 100 h at 1400 ®C.
NbsSis Ti-rich NbsSis TisSis (Nb,Ti)s5 precipitates dispersed in NbsSis
BSE im age xIOOO
Cr-rich C14 silicide (Nb,Ti)$
Laves phase
Figure 7.54 BSE image of the Nb-24Ti-6Ta-18Si-8Cr-4Al alloy (KZ8) after heat-treatment at 1400 “C
for 100 h.
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7*9 Thermo-gravimetric analysis at 800 ®C
Theimo-gravimetric analysis (TGA) at 800 for -100 h, using a Stanton-Redcroft 
balance, was carried out on the as-cast KZ3 alloy and on alloys that were heat-treated 
at 1500 or 1400 for 100 h (table 7,13). The area fraction and the composition of 
niobium solid solution is critical regarding the oxidation of niobium silicide-based 
alloys at temperatures beyond 1000 °C. The area fraction and the composition of the 
(Nb,Ti)ss for each heat-treated alloy are given in tables 7.4 and 7.13, respectively. 
According to table 7.13, in the niobium solid solution the Ti, Ta, Cr and Al 
concentrations were -25 to 32 at.% , 6 to 8 at.%, -9  to 12 at.%, and 6 to 8 at.% 
respectively, while the Si content was less than 1 .at.% in the non Ta-containing 
alloys and -2  to 5 at.% in the Ta-containing alloys.
Table 7.13 Composition of (Nb,Ti)gg in the investigated alloys.
Alloys Composition of (Nb,Ti)ss
N b  (at.%) Ti (at.%) Ta (at.%) Si (at.%) Cr (at.%) Al (at.%)
1500KZ4 60.2 - 60.8 26.8 - 27.3 0.5-1 11.4-12.3
1500KZ7 62.2 - 62.8 29.2 - 29.9 0.1 - 0.7 7.3 -7.7
1500KZ5 52.8 - 56.2 26.2 - 28.5 0.5- 1 . 2 9.9-11.4 6 -7
1500KZ6 42.7 - 47.3 25.6 - 28.7 6.7 - 8.3 2.8-5.3 8.7 -12.2 6.6 - 7.7
1400KZ2 49.8 - 53 28.6-31.8 0-0.9 10.2-12.4 6.7 - 7.4
1400KZ8 40.9-44.7 29-31 5.8 - 7.9 2.4-5.1 9.1-11.2 5.9 - 6.9
7,9.1 Oxidation kinetics -  Oxide adherence
The TG-cmves of the alloys and photographs of the oxidised samples at the end of 
each TG experiment and prior to further study by XRD and EPMA are shown in 
figures 7.55 and 7.56. The alloy KZ3 (figs. 7.55a and 7.56) exhibited the worst 
oxidation behaviour.
All the alloys exhibited linear oxidation kinetics. In the TG-curves of the Cr- 
containing alloys, there was an initial non-linear oxidation period the duration of 
which depended on alloy composition (fig, 7.55). The TG-data for the first stage were
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analysed using the equation ln(Aw) = InX + nin^, where Aw is the weight change per
unit area, t is the reaction time, while K and n are constants (Menon et al., 2001). The 
kinetic constant n for all the alloys, considering the first lOh, was higher than 0.5; this 
indicates faster than parabolic oxidation kinetics.
The highest oxidation rate was exhibited by alloy KZ3; in lOh the weight gain was 
200 mg / cm  ^ (fig, 7.55a), The alloy 1500KZ4 exhibited the worse oxidation 
behaviour among the rest of the alloys; after 1 Ih it gained 3.8 mg / cm ,^ and from this 
point the oxidation rate increased resulting in weight gain of 83.7 mg / cm  ^after 85h. 
The weight gain after 85h for the 1500KZ7, 1500KZ5, 1500KZ6, 1400KZ2 and 
1400KZ8, was 20.1 mg / cm^, 30 mg / cm ,^ 33.3 mg / cm ,^ 43.5 mg / cm ,^ 51.8 mg / 
cm ,^ respectively (fig. 7.55). The Al-containing alloy, 1500KZ7, exhibited lower mass 
gain rate than the Cr-containing and the Cr and Al-containing alloys. Thus the Al 
addition lowers the oxidation rate more than the Cr addition.
Comparison between the TG-curves of the 1500KZ5 and the richer in Cr, 1400KZ2 
shows that at 24 h the weight gain was 2.2 mg / cm  ^ for both alloys, but after this 
point the 1400KZ2 oxidised more rapidly (fig. 7.55b). Similarly, comparing the Ta- 
containing alloys, the alloy 1500KZ6 with the richer in Cr 1400KZ8, it was noticed 
that at 48h the weight gain was 2.8 mg / cm  ^for both alloys, but after this point the 
1400KZ8 oxidised more rapidly. Thus, increase of Cr addition in Cr-, Al- 
with/without Ta-containing alloys, although it stabilised a Cr-rich silicide Laves phase 
(1400KZ2 and 1400KZ8 in table 7.4), increased the oxidation rate. Furthermore, 
comparison of the Ta-containing alloys 1500KZ6 and 1400KZ8 with the respective 
non Ta-containing alloys 1500KZ5 and 1400KZ2 shows that the Ta-containing alloys 
had oxidised more rapidly after 48 h than the non Ta-containing alloys.
The alloy KZ3 was the only alloy that disintegrated into powder (pest oxidation); the 
volume change accompanying pesting caused the fi*acture of the alumina crucible 
inside which the sample of the alloy was placed for the TG-experiment (fig. 7.56).
In the Al-containing alloy a white oxide was formed which was thinner than that of 
the Cr-containing alloy (1500KZ7 in fig. 7.56). The oxide scales were slightly
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deformed, while cracks par allel to the surface of the oxide, and dissociation between 
the alloy and the ôxide at the edges and the comers of the sample, could be noticed. 
These were indications that the stresses that were generated within the oxide during 
the TG-experiment had been relaxed via cracking. According to the TG-curve of this 
alloy (fig. 7,55a), the initial weight gain rate reached a plateau in weight gain (14.7 
mg / cm^) between 55 and 67 h at 800 ®C, after which the weight gain rate was the 
same as at the beginning of the isothermal oxidation. It is suggested that when the 
plateau was reached, generation of growth stresses caused the formation of cracks in 
the oxide scale that allowed further oxygen attack through the alloy.
On the sides of the Cr-containing alloy, protmding thick brown oxides were formed 
(1500KZ4 in fig. 7.56) that were not in any contact at the edges and the comers of the 
cubic sample. The oxide scale had grown perpendicular to each face of the sample. 
During oxidation the metal core got smaller and so did the area of metal-scale 
interface. Since the mass gain is expressed in mass gain per unit ai*ea, and the initial 
surface area has been taken as being constant, the measured mass gain is lower than 
the true value.
On the faces of the Cr and Al-containing alloys, a brown oxide was fornied 
(1500KZ5,1500KZ6,1400KZ2 and 1400KZ8 in fig. 7.56). With the addition of Ta or 
with the increase of the Cr content the oxide was not only thicker and but also less 
adherent to the sample, since apart from dissociation between the alloy and the oxide 
at the edges and the comers of the sample, there was also detachment of the oxide 
scale (1400KZ2 and 1400KZ8 in fig. 7.56).
The oxide scales that were formed were studied using XRD and EPMA. SiOz was 
expected to be formed in all the oxidised alloys, since its presence in similar alloys 
has been reported (Menon et al., 2001), but because of the presence of background 
noise from the sample holder in the XRD, it could not be detected (fig. 7.57-7.59).
In KZ3, NbzOs-TiOz and SNbzOs-TiOz appeared to be the predominant fnixed oxides, 
since most of the XRD peaks corresponded to these oxides (fig. 7.57a). Possibly, 
NbzOs and 5Nb20s*2Ti02 were also, present, since XRD peaks of these oxides 
overlap extensively with those of the NbzOs'TiOz and SNbzOs^TiOz.
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In the following sections, the oxide layers of the Al-containing 1500KZ7 and the Cr- 
containing 1500KZ4 are described, so as to reveal the role of Al and Cr addition, 
separately. The synergetic effect of Cr and Al in oxidation behaviour at 800 ®C, is 
reflected in the alloys 1500KZ5 and 1400KZ2, while the effect of Ta additions in 
1500KZ6 and 1400KZ8.
7.9.2 Oxidised Nb-24Ti-18Si-5Al alloy (KZ7)
The surface of the oxide scale was examined by EPMA. According to the elemental 
maps that were acquired using EDX (fig. 7,60), the oxide surface consisted of Si-rich 
regions and non-Si containing Al-rich regions, where, probably, aNbgSis and 
(Nb,Ti)ss pre-existed.
The X-ray diffractogram (fig. 7.57) showed that the Al addition had promoted the 
formation of AlNb0 4 . Most of the XRD peaks corresponded to 5 Nb2 0 5 *2 Ti0 2  rather 
fhan to 3Nb20s-Ti02, while Nb2 0 5  and Nb2 0 5 *Ti0 2  could also be present,
A BSE image of a vertical cross-section of the oxide scale is shown in figure 7.61, 
Spot analyses confirmed that the compositions of both the Si-containing and the non 
Si-containing oxides corresponded approximately to the stoichiometry MO2 . In the 
non-Si-containing oxides the ratio Nb/Ti was ~2. Considering the XRD results, the 
EPMA data would suggest that Nb2 0 5 *Ti0 2 and AINb0 4  were the predominant oxides 
in the scale formed on KZ7.
In the oxide scale there were also bright NbsSis areas with low oxygen content that 
were surrounded by a dark grey Si-containing oxide (fig. 7.61), Furthermore, just 
below the oxide scale there was a thick zone (-100 pm) wliich consisted of (Nb,Ti)ss 
with high oxygen concentration (-30 at.%) and aNbsSis. The above observations 
confirmed the diffusion of oxygen into the alloy via the (Nb,Ti)ss phase during 
isothermal oxidation.
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Cracks parallel to the alloy surface were also observed at the metal/oxide scale 
interface (fig, 7.61), which were responsible for the very low adherence of the oxide 
scale. Dissociation of the oxide scale was particularly evident on the grain boundaries. 
It should be noted that pores that formed during oxidation probably had been further 
enlarged during sample preparation.
7.9.3 Oxidised Nb-24Ti-18Si-5Cr alloy (KZ4)
The compact oxide scale formed on the oxidised sample of 1500KZ4 could be 
separated from each face of the sample very easily (fig, 7,56). Five of these oxide 
layers were removed and crushed and the oxide powder was studied using XRD. The 
X-ray diffractogram in fig. 7.58a shows peaks corresponding to the NbiOg, 
Nb2 0 5 *Ti0 2 , 3 Nb2 0 5 *Ti0 2 , 5 Nb2 0 5 *2 Ti0 2  and CrNb0 4  oxides; there were 
characteristic peaks for the latter two oxides. A cross section of the remaining oxide 
and the underlying alloy (fig. 7.62) was studied by EPMA. As in the case of KZ7, the 
overall oxide composition was -MO2 , and in the non-Si-containing oxide the ratio 
Nb/Ti was ~2. Considering the XRD and EPMA data, it is suggested that Nb20s Ti02 
and CrNb0 4  were the predominant oxides in the oxide scale formed on KZ4.
In the oxide scale there were some remaining aNbsSia areas that exhibited bright 
contrast under BSE conditions. These were surrounded by Si-rich oxide, as in 
1500KZ7 (figs. 7.61 and 7.62). Furthermore, there were some non-Si containing 
regions in the scale that exhibited bright grey contrast under BSE imaging conditions 
and these were surrounded by daik giey regions with higher oxygen content. The 
contrast between the bright aNbsSia and the bright non-Si containing oxide was quite 
low and it was difficult to distinguish these phases in the BSE images.
Just below the oxide scale there was a very thin zone with non-Si-containing oxides 
and NbsSia with low oxygen content (below 10 at.%). In the alloy, up to -50 pm 
below this zone, the (Nb,Ti)ss contained 2-9 at.% of dissolved oxygen.
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7.9.4 Oxidised Nb-24Ti-18Si-5Cr-5Al and Nb-24Ti-6Ta-18Si-5Cr-5AI alloys 
(1500KZ5 and 1500KZ6) -  Effect of Ta additions
The oxide scales of the alloys that contained both Al and Cr were similar to those of 
the alloy 1500KZ4, but thinner. Lower weight gain rates were also recorded during 
the TG-experiment. As in the case of 1500KZ4, just below the oxide scale there was a 
very thin zone which consisted of lower oxides (-35-40 at.% of oxygen) and NbsSia. 
There was no indication of the existence of the thick zone observed below the oxide 
scale of 1500KZ7 that consisted of (Nb,Ti)ss with high oxygen content (~30at,%) and 
NbsSia. Furtheraiore, below the thin zone of lower oxides, no oxygen could be 
detected in (Nb,Ti)ss (fig. 7,63-7.65). The data would thus suggest that Cr and Al 
with/without the presence of Ta impede the diffusion of oxygen in the niobium 
silicide-based in-situ composites.
According to the XRD data (fig. 7.58b) the scale formed on the 1500KZ5 alloy 
consisted of the oxides that were observed for the 1500KZ4 alloy and the AlNb0 4  
oxide that was observed in the scale of 1500KZ7. The same oxides and the 2Nb20s 
Ta20s were present in the scale formed on KZ6.
Figure 7.63 shows the oxide foimed on the 1500KZ6 alloy. Below the thick oxide 
scale there is a thin zone of the lower oxides. As shown in fig, 9a, there were pores 
and cracks parallel to the contour of the sample. These cracks were more visible at the 
comers of the cross section (fig. 7.63), and were responsible for the low adherence of 
the oxide scale (fig. 7.56).
7.9.5 Oxidised Nb-24Ti-18Si-8Cr-4Al and Nb-24Ti-6Ta-18Si-8Cr-4Al alloys 
(1400KZ2 and 1400KZ8) -  Cr-rich C14 silicide Laves phase.
According to XRD, the oxide scales formed on both the 1400KZ2 and 1400KZ8 
alloys contained the CrNb0 4 , AlNb0 4 , 3 Nb2 0 5 -Ti0 2 , 5 Nb2 0 5 '2 Ti0 2 , Nb2 0 5 'Ti0 2 , 
and Nb20s oxides (fig. 7.59). In KZ8, because of the presence of Ta, the 
2 Nb2 0 5 'Ta2 0 5  could have also formed (fig. 7.65).
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The Cr-rich C l4 silicide Laves phase that was present in the microstructures of both 
the 1400KZ2 and in 1400KZ8 alloys did not seem to have a significant effect towaids 
decreasing the weight gain during prolonged isothermal oxidation. Actually, 
according to the TG data (fig. 7.55b) the oxidation behaviour of the Laves phase 
containing alloys was inferior to the alloys without Laves. In both alloys, just below 
the porous oxide scale, voids and cracks had formed parallel to the scale/alloy 
interface (fig. 7.64 and 7.65), which had contributed to the low adherence of the oxide 
(fig. 7,56). Some remaining Cr-rich Laves phase with very low oxygen content was 
noticed in the oxide scale (fig. 7.65). This phase, like the NbsSis silicide, had very low 
oxygen content.
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TGA AT 800 °C FOR THE HEAT-TREATED ALLOYS 
EFFECT OF Cr AND Al ADDITIONS
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Figure 7.55 TG-curves for (a) Nb-Ti-Si-(Cr)-(Al) alloys showing the effect of Cr and/or Al additions 
and for (b) Nb-Ti-(Ta)-Si-Cr-Al alloys showing the effect of Cr and Ta additions.
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TG800-KZ3 TG800-1500KZ7 TG800-1500KZ4
TG800-1500KZ5 TG800-1500KZ6
TG800-1400KZ2 TG800-1400KZ8
Figure 7.56 TG-samples after exposure at 800 "C for ~100 h (except for the KZ3 alloy which 
disintegrated within few hours). The Ta-containing alloys 1500KZ6 and 1400KZ8 formed thicker 
oxide scale than the non Ta-containing alloys 1500KZ5 and 1400KZ2. The alloy 1400KZ2, which has 
a higher Cr content, formed a thicker oxide scale than the 1500KZ5.
136
CHAPTER 7 RESULTS
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Figure 7.57 XRD of the oxides that were formed on the (a) 1500KZ3 and (b) 1500KZ7 samples after 
isothermal oxidation in static air at 800 '^ C for-100 h.
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Figure 7.58 XRD of the oxides that were formed on the (a) 1500KZ4 and (b) 1500KZ5 samples after 
isothermal oxidation in static air at 800 for ~100 h.
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Figure 7.59 XRD of the oxides that were foimed on the (a) 1400KZ2 and (b) 1400KZ8 samples after 
isothermal oxidation in static air at 800 *’C for ~100 h.
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Figure 7.60 BSE image and X-ray maps of the surface of the oxidised 1500KZ7.
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aNbjSia with 
very low Si-containing
oxygen content oxide aNbsSij
(Nb,Ti)ss precipitates 
in aNbsSii
I f
BSE image x500100pm
Non Si-containing (Nb,Ti)ss with high
oxide oxygen content oNbgSi] (Nb,Ti)*
Figure 7.61 BSE image of a cross-section of the oxidised 1500KZ7.
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200|jm SE image x250
Non Si-containing oxide 
surrounded by an oxide with 
higher oxygen content
aNbÿSi) with very low content o f  
dissolved oxygen, usually, 
surrounded by a Si-containing oxide
f 200|jm
 ^ J
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(b)
(Nb,TiX aNbÿSi] (Nb,Ti)ss with high Titanium nitrides (formed
oxygen content during heat-treatment)
Figure 7.62 (a) SE and (b) BSE images of the same cross-sectional area of the oxidised 1500K2^.
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zOOpm SE  im age x250
Si-containing oxide surrounded by 
a non Si - containing oxide
Cracks and voids at the 
oxide/alloy interface
200pm  ' \ BSE im age x250
Si-containing oxide surrounds a lower oxide
Figure 7.63 (a) SE and (b) BSE images of a cross section at a comer of the oxidised 1500KZ6.
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.ta**"*"
1 0 0 p m S E  im a g e  x 3 5 0
Transgranular cracks and voids at the oxide/alloy interface. Just below 
the porous oxide scale, low oxides and phases with very low oxygen 
concentrations (Cr-rich silicide Laves phase and NbgSig silicides) exist.
100pm BSE image x350
Figure 7.64 (a) SE and (b) BSE images of a cross section of the oxidised 1400KZ2
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NbsSia with very low content o f  
dissolved oxygen, usually, 
surrounded by a Si-containing oxide
Cr-rich silicide Laves phase with 
very low content o f dissolved 
oxygen, usually, surrounded by a 
non-Si-containing oxide
100pm
Non Si-containing oxide 
surrounded by an oxide with 
higher oxygen content
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Transgranular cracks 
and voids at the 
oxide/alloy interface
Figure 7.65 BSE image of a cross-sectional area of the oxidised 1400KZ8.
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7.10 Thermo-gravimetric analysis at 1200 ®C
Thenno-gravimetric analysis (TGA) was also carried out on the heat-treated alloys at 
1200 for ~100 h, using a Stanton-Redcrofl balance. The obtained TG-curves are 
shown in figure 7.66. With the exception of the Cr-containing alloy 1500KZ4 and the 
Al-containing alloy 1500KZ7, all the other alloys exhibited linear oxidation kinetics, 
as at 800 °C.
In the Ta-containing alloy 1500KZ6, two-stage oxidation has been observed, as at 800 
(fig. 7.66b and 7.55b). The TG-data for the first stage were analysed using the 
following equation: In(Aw) = InÆ + » Inr, where Aw is the weight change per unit
area, t is the reaction time, while K and n are constants (Menon et al., 2001). The 
kinetic constant n for 1500KZ6 (considering the first 20 h) was higher than 0.5, 
indicating faster than parabolic oxidation kinetics.
Ai addition lowered the oxidation rate more than the Or addition; after 65 h the weight 
gain for the 1500KZ4 was 139 mg/cm^ while for the 1500KZ7 was 101 mg/cm^ (fig, 
7.66a). The Or and Al-containing alloys exhibited much lower mass gain rate than the 
Cr-containing and the Al-containing alloys; after 65 h the weight gains of Î500KZ5 
and 1400KZ2 were 64 mg/cm^ and 47,8 mg/cm^, respectively. Thus addition or 
increase of Cr in the Al-containing alloys reduced the oxidation rate at 1200 °C, 
which is the opposite effect from that observed at 800 °C.
Comparison of the Ta-containing alloys with the non Ta-containing alloys shows that 
the Ta addition did not deteriorate the oxidation resistance (7.66b). Furthermore, the 
Laves-containing alloys, Nb-24Ti-6Ta-18Si-8Cr-4Al (KZ8) and Nb-24Ti-18Si-8Cr- 
4A1 (KZ2) had better oxidation behaviour than the other alloys. Thus, the presence of 
the Cr-rich C14 silicide Laves phase at 1200 °C improved the oxidation resistance.
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Figure 7.66 TG-curves for the (a) Nb-Ti-Si-(Cr)-(Al) alloys showing the effect of Cr and/or A1 
additions and for (b) Nb-Ti-(Ta)-Si-Cr-Al alloys showing the effect of Cr and Ta additions.
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CHAPTER 8 
DISCUSSION
8.1 Introduction
First the characteristic features of the phases present in all the alloys are discussed. 
Then the microstructures of the alloys are described and compared. Emphasis is given 
on the as-cast and heat-treated microstmctures of the alloy KZ7, where the primary 
phase duiing solidification was the PNbsSia, like in ail the Al-containing alloys. 
Niobium solid solution was the primary phase only for the Nb-24Ti-18Si alloy (KZ3) 
and Nb-24Ti-18Si-5Cr (KZ4), Finally, a preliminary assessment of the oxidation 
behaviour of the selected alloys at 800 is presented along with some observations 
at 1200 T .
8.2 Phases present in the alloys
The main phases observed in the as-cast and heat-treated alloys were the niobium 
solid solution, (Nb,Ti)ss, the niobium 5-3 silicides, pNbsSis and aNbsSis and the Cr- 
rich C l4 silicide Laves phase (table 7.3). Furthermore, titanium nitrides were formed 
near the edges of the heat-treated specimens of all the alloys.
The (Nb,Ti)ss is a disordered bcc solid solution which is stable at any value of 
Nb/Ti>l (Nb-Ti phase diagram - fig, 2.3). The Cr and A1 solubilities increased with 
Ti concentration in (Nb,Ti)ss. In this phase after homogenization, the Ta, Cr and A1 
concentrations were ~6 to 8 at.%, ~9 to 13 at.%, and 6 to 8 at.% respectively, while 
the Si content was less than l.at.% in the non Ta-containing alloys and ~3 to 5 at.% 
in the Ta-containing alloys.
The aNbgSi] and pNbsSis phases differ in terms of their stmcture type and lattice 
parameters. In these phases A1 atoms substitute for Si atoms according to the EPMA 
results, while Ti, Ta and Cr, which form XsSis compounds (X = Ti, Ta or Cr) 
according to the Ti-Si, Ta-Si and Cr-Si phase diagrams (Massalski, 1986a, 1986b),
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substitute for Nb atoms. In the KZ4 alloy, the as-cast and heated-treated 
microstructures contained aNbsSia in which the ratio (Nb+Ti+Cr):Si was 1,8; this 
ratio is close to the ratio 5:3 (-1.7) indicating that Ti and Cr atoms substitute for Nb 
atoms. In pNbsSia of the as-cast KZ7, the ratio (Nb+Ti):(Si+Al) was -1.8, which is 
slightly lai'ger than the ratio 5:3, indicating that in this phase A1 atoms substitute for Si 
atoms and Ti atoms for Nb atoms. After heat-treatment at 1500 ®C, in aNbsSij, the 
ratio (Nb+Ti):(Si+Al) was between 1.7 and 1.8 and closer to the ratio 5:3 than that 
observed in the pNbsSia of the as-cast microstructure.
The variation of the ratio [Nb+Ti+CH-(Ta)]:(Si+Al) was wide in PNbsSis of the as- 
cast alloys that contained Cr and Al, and after heat-lreatment where partial 
transformation of pNbgSis to aNbgSig took place, it was reduced. For example, in the 
Ta-containing KZ8 alloy the sum of the Si and Al concentrations in pNbsSia was 36- 
39 at.% and the ratio (Nb+Ti+Cr+Ta):(Si+Al) was between 1.6 and 1.8; the variation 
of this ratio was not observed in the PNbsSis of the KZ7 alloy that did not contain Ta 
and Cr. After heat-treatment at 1400 °C for 100 h, the sum of Si and Al content in 
a/pNbsSia was 35,8-36.8 at.% and the ratio (Nb+Ti+Cr+Ta):(Si+Al) was between 1.7 
and 1.8; the variation of this ratio was the same as in the aNbgSig of the 1500KZ7 
alloy. Similar observations have been also made for the KZ5, KZ2 and KZ6 alloys 
(tables 7.9, 7.10 and 7.11). In general, the ratio [Nb+Ti+CiH-(Ta)]:(Si+Al) was -1.6 to
1.8 at.%, and the deviation from the ratio 5:3 (-1.7) is attributed to the wide solubility 
of alloying additions.
The Al and Cr concentrations were lower in a/pNbgSig after the prolonged heat- 
treatments. The reduction of Al content in a/pNbsSis was accompanied by an increase 
of the Si content. For example, in the pNbgSis of the as-cast KZ7, the Al content was 
3.3-3.8 at.% and the Si content was 31.6-33.2 at.%. After heat-treatment at 1500°C for 
lOOh, pNbsSis was fully transformed to aNbgSig, and in aNbsSia, the Al content was 
2-3,8 at.% and the Si content was 31.9-34,5 at.%. In the PNbsSia of the as-cast KZ5, 
the Al content was 3.1-3.7 at.% and the Si content was 31.7-33.2 at.%. After two heat- 
treatments at 1500 °C for 100 h, pNbsSia was partially transformed to aNbsSia, and in 
a/pNbsSia the Al content was 1.4-2,5 at.% and the Si content was 33,4-35.4 at.%. The
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above EPMA data show that in aNbsSia less Al atoms substitute for Si atoms than in 
PNbsSia.
In Cr-containing alloys the reduction of Cr content in a/pNbgSia after heat-treatment 
was also evident. In the KZ4 alloy, after solidification, the Cr-concentration in the 
aNbsSia was 0.2-1,1 at.% and after heat-treatment at 1500 °C for 100 h, the Cr- 
content in aNbsSia was 0-0,6 at.%. In the KZ5 alloy, after solidification the Cr- 
content in pNbsSia was 1.2-1.5 at.% and after two heat-treatments at 1500 ^C for 100 
h, the Cr-content in o/pNbsSia was 0-0.9 at.%. In the Ta-containing KZ6 alloy, after 
solidification the Cr-content in pNbgSia was 1.1-1.6 at.% and after two heat- 
treatments at 1500^C for lOOh, Cr-content in a/pNbsSis was 0-0.7 at.%. In the Laves 
phase-containing KZ2 alloy, after solidification the Cr-concentration in pNbgSE was 
1.7-2,4 at.% and after heat-treatment at 1400 ^C for 100 h, the Cr-concentiation in 
a/pNbsSia was 0.5-1.2 at.%. Thus the data would suggest that a/pNbsSis were 
supersaturated in Cr in the as-cast condition and as homogenization of the 
microstructure took place, they became leaner in Cr. This is the main reason that in 
the Cr-containing alloys studied in this work, the ratio [Nb+Ti+Crf (Ta)] :(Si+Al) was 
reduced after prolonged heat-treatments.
The Cr-rich C14 silicide Laves phase has the same structural characteristics as the 
C l4 Cr2Nb Laves phase and the p-phase (see table 7.3). Silicon has been found to 
promote the formation of temaiy C14 silicide Laves phases in many transition metal 
systems (section 1.2.2). In transition metal systems the existence of a Laves phase, 
AB2 , is related with atomic size restrictions and the average electron concentration 
(Livingston, 1994, Bardos et al„ 1961, Thoma and Perpezko, 1995 and Zhu et al„ 
1997). Silicon acts as acceptor of electrons and decreases the effective electron 
concentration, stabilizing a C14 silicide Laves phase at electron concentrations higher 
than those at which it would normally exist. These C l4 Laves phases occur over a 
wide range of AB2-xSix compositions, but most often at x -  1 or x -  /z. According to 
Livingston (1994), in a C14 silicide Laves phase the Al and Si atoms substitute for Cr 
atoms. Titanium and Ta have atomic radii close to Nb and thus they are postulated to 
substitute for Nb atoms. In the C14 Laves phase of the KZ2 and KZ8 alloys, the ratio 
(Cr+Si+Al);(Nb+Ti+(Ta)) was -1.7 which is close to 2. On the other hand the ratio
150
CHAPTER 8 DISCUSSION
(Cr+Si):(Nb+Ti) of the C14 Laves in the as-cast KZ4 was 1.4-1.5 which is not close 
to 2. This phase was not present in the heat-treated microstructm e of the KZ4 alloy.
Finally, titanium nitrides were formed near the edges of the heat-treated specimens of 
all the alloys. According to quantitative WDS microanalyses of these nitrides, the Ti 
content varied between 58.5-60 at%, the N content varied from 37 to 39 at%, the Nb 
content varied from 1.9 to 2,6 at% and there was no Cr or Al present in them.
The formation of Ti nitrides is attributed to the high reactivity of Ti with respect to 
nitrogen at high temperatures and the presence of Ti-rich areas in the niobium solid 
solution and the silicides that were formed in the microstructures of the alloys. Since 
the heat treatment was done in atmosphere of high purity Ti-gettered argon flow, the 
absence of oxides in the microstructures would suggest that the use of Ta foil, in 
which our specimens were wrapped, was effective in prohibiting only the oxidation of 
the specimens.
8.3 The Nb-24Ti-18Si Alloy (KZ3)
As-casti Large area analyses in several regions of the ingot, not only in the middle of 
the ingot, but also in the surface and the bottom of the ingot, suggested that there were 
areas in which the concentrations of Ti and Si varied from 24.5 to 27.6 at.% and from 
15,5 to 17,1 at.%, respectively. In any case, the composition was in the metal-rich side 
of the (Nb,Ti)ss and (Nb,Ti)3Si eutectic valley in the proposed liquidas projection of 
the Nb-Ti-Si phase diagram (fig, 2.6). Thus, the primary solidification phase was 
expected to be the niobium solid solution (Nb,Ti)ss,
In general, the microstructure of the ingot consisted of primaiy (Nb,Ti)ss dendrites 
together with large scale faceted (Nb,Ti)3 Si dendrites and/or a eutectic that consisted 
of (Nb,Ti)ss rods in (Nb,Ti)3 Si matrix. There was no indication of aNb5Si3 existence, 
which would suggest that the composition of the final interdendritic liquid was in the 
(Nb,Ti)ss-(Nb,Ti)3Si eutectic groove (fig. 2.5) and never reached a transition reaction. 
The solidification path of KZ3 was L-> L + (Nb,Ti)ss L + (Nb,Ti)ss + NbgSi
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(Nb,Ti)ss + NbaSi. Thus, the as-cast Nb-24Ti-18Si alloy exhibited a non-equilibrium 
microstructure consisting of large primary (Nb,Ti)ss and (Nb,Ti)3Si dendrites and a 
(Nb,Ti)3Si and (Nb,Ti)ss eutectic.
The eutectoid decomposition of (Nb,Ti)3Si into (Nb,Ti)ss and aNb5 Si3 had not taken 
place due to the sluggish decomposition kinetics of Nb3 Si (Mendiratta and Dimiduk, 
1991) and the stabilization of the (Nb,Ti)3 Si phase at lower temperatures by Ti 
(Bewlay and Jackson, 1998). The ranges of the compositions of the two phases in 
table 7.5 show that in both phases there was strong Ti segregation; the concentration 
of Ti in (Nb,Ti)ss varied between 18.8 and 33.4 at% and between 17,5 and 27.1at% in 
(Nb,Ti)3 Si. Ti-segregation was particularly evident at the edges of (Nb,Ti)ss dendrites 
(existence of Ti-rich regions - table 7.5 and figures 7.4 and 7.6). Ti-rich (Nb,Ti)ss 
regions corresponded to the outer layers that solidified at progressively lower 
temperatures during solidification (figure 7.6). Also, Ti-rich (Nb,Ti)3 Si regions (dark 
gi’ey phase in BSE images) with rod like (Nb,Ti)ss dispersed within them (figure 7.4) 
correspond to Ti-rich eutectic that according to the (Nb,Ti)gs-(Nb,Ti)3Si eutectic 
groove (fig. 2.4) formed at lower temperatures than the Ti-leaner eutectic (grey 
(Nb,Ti)3 Si in BSE images).
Heat-treated at 1500 fo r 100 hi In the heat treated alloy, homogenization of the 
(Nb,Ti)ss had taken place, but there was no sign of the decomposition of the 
(Nb,Ti)3 Si phase in the regions where there were no titanium nitrides (fig. 7.8). In 
those regions (i) the Si concentration in the (Nb,Ti)ss was lower than in the (Nb,Ti)ss 
in the as cast ingot and reached the levels expected from the Nb-Si phase diagram 
(fig. 2.1), and (ii) the Si content in the (Nb,Ti)3 Si phase was still lower than the 
stoichiometric composition (25 at.%). This is attributed to the presence of Ti and is 
reflected in the liquidas projection of the Nb-Ti-Si diagram, where the peritectic ridge 
tends to shift to the Nb-Ti binary side with increasing Ti concentration (figure 2,6a).
At the edges of the heat treated specimen (fig. 7.49), titanium nitrides existed. In these 
areas the microstructure consisted of primary (Nb,Ti)ss, titanium nitride, and eutectoid 
of Nb(Ti)5Si3 and (Nb,Ti)ss. The formation of titanium nitrides occurred in the Ti-rich 
regions of the microstructure with a reduction in the Ti content in the adjacent phases
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((Nb,Ti)ss and (Nb,Ti)3Si). Since it is known that in Nb-Ti-Si alloys the (Nb^TijsSi is 
stabilised at lower temperatures with increasing Ti concentration (fig, 2,5a), it is 
concluded that the reduction of the Ti content in (Nb,Ti)3Si led to the eutectoid 
decomposition of this phase to the aNbsSi3 and (Nb,Ti)ss phases.
8.4 The Nb-24Ti-18Si-5Cr AUoy (KZ4)
As-casti In the as-cast Nb-24Ti-18Si-5Cr alloy the micro-segregation of Cr and Ti 
was particularly evident in all the phases. The microstructure near the surface area of 
the ingot was similar to the reference alloy KZ3 and the main phases were primary 
(Nb,Ti)ss dendrites and (Nb,Ti)3Si (fig. 7.11). Owing to the Cr addition in this alloy, 
the Cr-rich C l4 Laves phase had also formed between the (Nb,Ti)ss dendrites. The 
Laves phase was surrounded by regions of (Nb,Ti)ss and (Nb,Ti)3Si where segregation 
of Ti and Cr had taken place (fig. 7.13). Thus, it is suggested that the formation of the 
Laves phase is linked with solute redistribution during solidification and therefore it 
would be affected by cooling rate.
Approaching the bottom of the Nb-24Ti-18Si-5Cr ingot, where higher cooling rates 
prevailed during solidification, the regions that consisted of interpenetrating (Nb,Ti)ss 
and Nb3 Si along with Laves phase became less evident, while areas with (Nb,Ti)ss and 
aNbsSis in a co-continuous formation dominated (fig. 7,12), Since in the ingot of this 
alloy there was no significant difference in composition between its surface and 
bottom, the formation of the Cr-rich C14 Laves phase was indeed retarded by high 
cooling rates, which also prevented the thickening of the primary (Nb,Ti)ss dendrites 
(absence of Ti-rich (Nb,Ti)ss), Furthermore, because the Cr-rich C14 Laves phase was 
not formed, the remaining liquid surrounding the primary (Nb,Ti)ss dendrites was rich 
enough in Cr to destabilize the (Nb,Ti)3 Si, that is formed via the eutectic 
transformation. The regions B (fig. 7.12b) indicated that the (Nb,Ti)3 Si was partially 
transformed to secondary (Nb,Ti)ss and aNbsSi3 (eutectoid reaction).
Finally, in the bottom of the ingot the thickening of (Nb,Ti)ss dendrites was 
suppressed (table 7,7 - there was no Ti-rich (Nb,Ti)ss) and the microstructure
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consisted only of (Nb,Ti)ss and aNbgSig in a co-continuous formation (fig. 7.16). 
Since in this ingot there was no significant difference in composition between the 
surface and the bottom (table 7.6), the suppression of dendrite thickening and the 
consequent absence of the Cl4 Laves phase are attributed to the higher cooling rates 
that prevailed near the crucible. The disappearance of (Nb,Ti)3 Si would suggest that 
the remaining liquid, after the formation of primary (Nb,Ti)sg dendrites, was quite 
rich in Cr (probably, because of the absence of the Cr-rich C14 Laves phase and the 
Ti-rich (Nb,Ti)ss), so as to destabilize the (Nb,Ti)3 Si that is formed via the eutectic 
transformation.
Thus, it is suggested that near die surface of the ingot and in the regions A (fig. 7.11- 
7.13) the solidification path was: L L + (Nb,Ti)ss L + (Nb,Ti)ss + C14 Laves -» 
(Nb,Ti)ss + C14 Laves + (Nb,Ti)3 Si. On the other hand, in the bottom of the ingot and 
in the regions B (fig. 7.12, 7.16), where higher cooling rates prevailed during 
solidification, the solidification path was: L -> L + (Nb,Ti)ss -> L + (Nb,Ti)ss + 
(Nb,Ti)3Si (Nb,Ti)gs+ (Nb,Ti)3Si (Nb,Ti)gg + «NbsSig.
The Cr-rich C14 Laves phase had silicon content higher than 8.5 at%. Considering 
that Si and Ti atoms substitute for Cr and Nb atoms respectively (Livingston, 1994), 
this phase is a ternary C l4 silicide Laves phase, like the p phase in the 1000 °C 
isothermal section of the Nb-Cr-Si ternary phase diagram determined by Goldschmidt 
and Brant (1961).
Heat-treated at 1500 fo r 100 hi The microstructure of the heat-treated Nb-24Ti- 
18Si-5Cr alloy consisted only of the (Nb,Ti)ss and aNbsSi3 phases and there was no 
(Nb,Ti)3 Si present (fig. 7.17). Thus, the eutectoid tiansformation of (Nb,Ti)3 Si to 
(Nb,Ti)ss and uNbsSis had been completed and this transformation would have been 
enhanced by the fact that Cr destabilises the Nb3 Si. Indeed, in the Ti-Cr-Si isothermal 
section at 1000 ®C (fig. 2.15) the solubility of Cr in Ti3 Si is minimal, which would 
suggest that Cr destabilises the TisSi phase that is isomorphous with NbsSi.
The Si content in the (Nb,Ti)ss was very low, as expected fiom the Nb-Si phase 
diagram at T ^1500 ®C (fig. 2.1). The Cr content in the (Nb,Ti)ss exceeded 11,4 at.%.
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while it is less than 5 at.% in the terminal niobium solid solution of the Nb-Cr system 
(fig, 2.10). Also, it has been found that the solubility of Cr was almost proportional to 
the solubility of Ti in (Nb,Ti)ss (fig. 7.14). Thus, it is concluded that Ti additions 
increase the solubility of Cr in (Nb,Ti)ss.
The Cr content of aNbsSis was less than 1 at%, lower than in the as-cast condition 
and in some cases negligible (see table 7,7 - Ti-poor aNbsSia). Thus, during the heat 
treatment, the Ti and Cr diffused from the aNbsSia to the (Nb,Ti)ss.
The C14 Laves phase, which was present in the as cast microstructure, was not found 
in the heat treated microstructure even though, in general, Cr additions of >5 at% in 
the Nb-Ti-Cr-Si system can lead to the stabilization of a Laves phase in the composite 
(§2,5). The absence of the C14 Laves phase is thus attributed to the increase of the 
solubility of Cr in the (Nb,Ti)ss with addition of Ti.
8.5 The Nb-24Ti-18Si-5Al AUoy (KZ7)
As-casti The microstructure of the Nb-24Ti-18Si-5Al ingot did not exhibit any 
similarity with that of the reference alloy KZ3, There was no indication of the 
existence of either (Nb,Ti)aSi or aNbsSia, and the microstructure consisted of primary 
pNbgSia along with an irregular eutectic of (Nb,Ti)ss and pNbgSia (in this eutectic the 
pNbsSia was the minor phase and appeared as isolated islands) and (Nb,Ti)ss 
dendrites (fig. 122), According to a partial isothermal section of the Ti-AI-Si system 
at 1200 ”C (fig. 2.17), the TiaSi phase does not exist in this system. Thus, Al additions 
(like Cr additions, see above) destabilize the TiaSi phase. This would suggest that Al 
also destabilize the NbaSi phase, which is isomorphous with TiaSi. Our results show 
that indeed the Al addition to the refemnce alloy destabilized this phase.
The presence of the inegular eutectic would suggest that after the solidification of 
primary faceted PNbsSia grains, coupled eutectic morphology led the growth front. 
The formation of (Nb,Ti)ss dendrites was related with the formation of the eutectic.
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111 binary systems, the “coupled zone” represents the range of melt compositions and 
growth temperatures or velocities for which the coupled eutectic morphology leads 
the growth front (Kurz and Fisher 1989). In the Nb-Si system the “coupled zone” is 
skewed towards the NbsSia (Abbaschian and Lipshutz, 1997) and this indicates that 
the pNbsSia has growth problems and niobium dendrites can appear during the 
formation of the eutectic (Kurz and Fisher 1989). Thus it is suggested that (Nb,Ti)ss 
dendrites and the eutectic grew simultaneously.
The eutectic of (Nb,Ti)ss and pNbgSig is different from the rod like eutectic of 
(Nb,Ti)ss and (Nb,Ti)aSi of the Nb-Ti-Si system at Ti concentrations less than 25 at.%. 
It is suggested that Al additions change the nature of the eutectic, destabilize the 
(Nb,Ti)sSi phase and promote the formation of the pNbsSis.
Heat-treated at 1500 fo r 100 hi The microstructure of the alloy KZ7 after the heat 
treatment consisted of aNbsSis and (Nb,Ti)ss (fig. 7.25) The existence of the aNbsSis 
in the heat-treated condition instead of the pNbsSig, which was observed in the as-cast 
microstructure, was verified using XRD and TEM (figs. 7.26 and 7.27).
A partial section of the Nb-Al-Si phase diagram at 1500 ®C, shows that for Al 
additions beyond 5 % an A 15-type NbsAl appears in this system (fig. 2.16). The 
absence of an Al 5-type NbsAl phase in the heat treated KZ7 is in agreement with the 
work of Murayama and Hanada (2002) who showed that the three-phase (Nb,Ti)ss, 
NbsSii and NbsAl region exists up to about 20at%Ti.
EDS analyses (table 7.8) showed that the (Nb,Ti)ss phase was homogenised with Al 
concentrations about 7.5 at% and low Si content (<1 at.%), the latter being the same 
as in the solid solutions in alloys KZ3 and KZ4 (tables 7.6 and 7.5). The Al 
concentration in the aNbsSis of the heat treated alloy was less than in the pNbsSig of 
the as cast alloy; 2-3.8 at.% and 1.6-2.2 at.% in the aNbsSis and Ti-rich aNbsSia 
respectively, and S.3-3.8 at.% and S.7-4.2 at.% in the PNbsSia and Ti-rich PNbsSia, 
The partial section of the Nb-Al-Si phase diagram at 1500”C (fig. 2.16) indicates that 
the solubility of Al in (Nb)ss and in NbsSia is ~8 at.% and 12 at.% respectively, but 
only 3 at.% and 5 at.% when (Nb,)ss and NbsSia are in equilibrium. It is concluded
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that Ti additions increase the solubility of Al in (Nb)ss and decrease the solubility of 
Al in aNbsSia.
Another featui e of the microstructure of the heat treated KZ7 were the small particles 
of (Nb,Ti)ss dispersed in some of the aNbsSia grains (fig. 7,25). In the as-cast 
condition the niobium silicide was the pNbsSia and not the aNbsSia. Although these 
phases (i.e. the 5-3 Nb silicides) have not the same crystal structure, the following 
precipitation transformation must have taken place during the heat treatment;
pNbsSia aNbsSia + (Nb,Ti)ss.
This transformation triggers the appearance of (Nb,Ti)ss precipitates not only in the 
matrix but also on the grain boundaries of the NbsSia. However, the latter precipitates 
are not visible because of the pre-existing (Nb,Ti)ss.
The transformation pNbsSia aNbsSia + (Nb,Ti)ss that occurred during the heat 
treatment triggered the precipitation of (Nb,Ti)ss. Since after heat-treatment the Al 
concentration in the aNbsSia was lower than in the PNbsSia and higher in (Nb,Ti)ss, 
the destabilization of the PNbsSia was due to Al diffiision to the (Nb,Ti)ss.
8.6 The Nb-24Ti-18Si-5Cr-5AI Alloy (KZ5)
As-casti The as-cast microstructure of the KZ5 alloy consisted of primary pNbsSia, 
eutectic of (Nb,Ti)ss and PNbsSia, irregular (Nb,Ti)ss, and in a few areas near the 
surface of the ingot, there was Laves phase at the depressions of (Nb,Ti)ss dendrites 
(fig. 7.29). The solidification path of KZ5 was similar to that of the KZ7 alloy. After 
the development of the faceted pNbsSia, the eutectic and the (Nb,Ti)ss dendrites 
appeared. Furthermore, the small regions of the Cr-rich 014 silicide Laves phase at 
the depressions of (Nb,Ti)ss dendrites were surrounded by Ti-rich (Nb,Ti)ss, which 
was richer in Cr and Al compared to the (Nb,Ti)ss (fig. 7.30 and table 7.9). It is 
suggested that the Laves phase in KZ5 formed congiuently fiom the remaining liquid 
during thickening of (Nb,Ti)ss dendrites and that this phase behaves like the 
Cr2Nb(HT) C l4 Laves phase (T^ = 1770 ^C) in the Nb-Cr system (fig. 2.10).
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Heat-treated at 1500 fo r 100 hi The microstructme of KZ5 heat treated at 1500 
for 100 h was similar to the heat tieated KZ7 alloy and consisted of irregular 
a/pNbsSia that were distributed unevenly in the (Nb,Ti)ss matrix (fig. 7.33a). Similar 
microstructures have been reported by Subramanian et al (1997) for Nb-Ti-Si-Cr-Al 
alloys with higher Ti concentrations and/or different Cr and Al concentrations than 
KZ5. In some of the 5-3 silicides, small (Nb,Ti)ss particles were dispersed. Even 
though KZ5 has the same Al content with KZ7, the aNbsSis phase existed along with 
pNbsSis after 100 h at 1500 ®C. Thus, only partial transformation of the PNbsSia to 
aNbsSia had taken place. The levels of Al concentration in the NbsSia of this alloy (3-
3.8 at.% - table 7.9) were slightly higher than in the aNbsSia of the heat treated KZ7 
(2-3.8 at.%). Therefore, it is concluded that the Cr addition retarded the rejection / 
diffusion of Al from the 5-3 silicide and decelerated the transformation of the PNbsSia 
to aNbsSia and (Nb,Ti)ss.
The presence of the Cr-rich C14 silicide Laves precipitates in some areas of the 
microstructure, at the interfaces between the 5-3 silicides and the bcc solid solution, 
would suggest that Al additions do not destabilize the Laves phase (fig. 7.33b). It 
should be noted that even though the Cr concenhations in the heat-treated KZ4 and 
KZ5 alloys were the same, the Laves phase was not found in the heat-treated KZ4. 
This is attributed to the volume fi-action of (Nb,Ti)ss that was present in the 
microstructure of each alloy. Since (Nb,Ti)ss is the primary phase in KZ4, and NbgSis 
is the primary phase in KZ5, the volume fraction of the solid solution in the latter 
alloy (48-55 % - table 7.4) was lower compared with the former one (52-58 % - table 
7.4). The precipitation of the Cr-rich silicide Laves phase would thus be easier in KZ5 
as Cr partitions mainly to the solid solution (see tables 7,6 and 7.9).
Heat-treated twice (at 1500 fo r 100 h)i After a second heat treatment at 1500 ®C 
for 100 h, the Cr and Al concentrations in the NbsSia were reduced fiirther, but there 
were still some Ti-rich areas in NbsSia where the Cr and Al concentrations were about 
at the same level with those of the NbsSia of the 100 h heat-treated microstructure 
(fig. 7.34 and table 7.9). The XRD revealed the existence of both pNbsSia and 
aNbsSia (fig. 7.32) and showed more peaks of the aNbsSia phase, with higher 
intensities than those of the PNbsSia, which would suggest that the transformation of
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pNbsSia to aNbsSia had progressed further with the second heat-treatment, but had 
not been completed, since some pNbsSia was still remaining.
The regions of Ti-rich NbsSig, which had higher Al and Cr contents, were fewer in 
this alloy. The NbsSia grains were poor in Al, while their Cr content was too low or 
even zero (table 7.9). In these regions, the Ti content was lower than 21.8 at%. Thus, 
it is concluded that the transformation of PNbsSia to aNbsSia is accompanied by the 
reduction of the Al and Cr contents of the 5-3 silicides. According to the isothermal 
section of the Nb-Si-Cr system at 1000 ®C (fig. 2.12), Cr forms the CrsSia silicide that 
is isomorphous with pNbsSia, and aNbsSia has considerable solubility for Cr. It is 
possible that some of the regions of Ti-rich NbsSia phase with high Al and Cr content 
correspond to the pNbsSia phase, while the Ti-, Al- and Cr-poor regions correspond to 
aNbsSia.
The above observations indicate that during the heat-treatment the (Nb,Ti)ss is 
homogenised, while the metastable PNbsSia phase is a supersaturated intermediate 
phase that undergoes transformation via a precipitation reaction. During this solid 
state transformation the stable aNbsSia phase replaces giadually the pNbsSia (they 
have the same crystal system, the same lattice type and the same number of atoms in 
the unit cell) and (Nb,Ti)ss precipitates appear on the grain boundaries and in the bulk 
of the NbsSia phase. The (Nb,Ti)ss and aNbsSia were the equilibrium phases of this 
alloy at 1500 ”C, as in the 1500 ^C heat-treated KZ7.
8.7 Nb-24Ti-6Ta-18Si-5Cr-5Al alloy (KZ6)
As-cast: The as-cast microstructure of the KZ6 alloy was similar to that of KZ5 and 
consisted of primary pNbsSia, irregular eutectic of (Nb,Ti)ss and PNbsSia, and 
(Nb,Ti)ss dendrites (fig. 7.36). However, in the KZ6 alloy the C14 silicide Laves 
phase was not present. As discussed above, the formation of this phase is linked with 
the solidification of (Nb,Ti)ss dendrites. The Si solubility in the (Nb,Ti)ss in KZ5 was 
less than 2.1 at.%, while in the KZ6 alloy it was more than 4 at.% (tables 7.9 and 
7.10), Thus, the Si concentration in (Nb,Ti)ss increased with the presence of Ta in this
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phase, which would suggest that in the Ta containing alloy, during the solidification 
of the (Nb,Ti)ss, the remaining liquid was poorer in Si compared to the non-Ta 
containing alloy. It is concluded that Ta additions restricted the rejection of Si in the 
melt during the solidification of (Nb,Ti)ss dendrites, and this lack of Si in the 
remaining liquid hindered the formation of the Laves phase.
Heat-treated at 1500 fo r 100 h: The microstructure of KZ6 after heat-treatment 
for 100 h at 1500 °C was different Jfrom the microstructme of the 100 h heat-treated 
KZ5 (fig. 7.38a vs. fig. 7.33a). Precipitation of (Nb,Ti)ss had taken place not only on 
the NbsSia / (Nb,Ti)ss interfaces but also inside NbsSia grains. Titanium segregation 
was particularly evident in NbsSia (table 7.10) and could be seen in BSE images (Ti- 
rich areas exhibit a darker contrast in fig. 7.38a). The existence of Ti-rich areas 
suggested that the KZ6 alloy had been homogenised to a lesser extent than the non- 
Ta-containing KZ5 alloy after heat treatment at 1500 for 100 h.
Comparison of the EPMA data for the KZ6 and KZ5 alloys (table 7.9 vs. table 7.10) 
shows that the Si concentration in the (Nb,Ti)ss was higher in the heat-treated KZ6 
and above the maximum solubility of Si in Ta, which is -1 at.% (fig. 8.1), while the 
Ti, Al and Cr concentrations in (Nb,Ti)ss were similar to those of the heat-treated 
KZ5. The higher Si concentration in (Nb,Ti)ss is attributed to the restriction of the 
diffusion of Si by Ta. However, the results would suggest that the Ta presence does 
not affect the diffusivity of Ti, Cr and Al in (Nb,Ti)ss.
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Figure 8.1 The Ta-Si phase diagram (Massalski, 1986a).
Heat-treated twice (at 1500 fo r 100 h): The microstmcture did not change 
significantly (fig. 7.38b), after a second heat treatment. Si concentration in (Nb,Ti)ss 
remained at high levels, thus confirming the strong effect of Ta on the Si diffusivity in 
(Nb,Ti)ss. The Cr and Al concentrations in NbsSis were reduced further, as in the 
twice heat-treated KZ5. Furthermore, the XRD results where similar with those of the 
100 h heat-treated specimen (fig. 7.37), which indicated that the transformation of 
ftNbsSi] to oNbsSi] had not progressed to a great extent; this was not observed in the 
case of the non Ta-containing alloy KZ5, According to Kumar and Mannan (1989), 
Ta stabilizes the aNbsSis in the Nb-Ta-Si system, thus probably, the Ta addition, like 
Cr, decelerated the transformation of PNbsSia to aNbsSia.
All the above data support the conclusion that Ta restricts the solid state diffusion of 
Si in (Nb,Ti)ss, hinders homogenization and retards the solid state transformation of 
the PNbsSia to aNbsSia.
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8,8 Nb-24Ti-18Si-8Cr-4Al (KZ2) and Nb-24Ti-6Ta-18Si-8Cr-4AI (KZ8) alloys
As-cast: The KZ2 and KZ8 alloys had similar microstructures (fig. 7.40 and 7.49) that 
consisted of primary PNbsSia, irregular eutectic of (Nb,Ti)ss and PNbsSia, (Nb,Ti)ss 
dendrites and C l4 Laves phase (XRD in fig. 7.39 and 7.48) at the depressions of the 
(Nb,Ti)ss dendrites.
The microstructures of these alloys were similar to KZ5 but with significantly more 
small regions of a Cr-rich C14 Laves phase bridging (Nb,Ti)ss grains or at the 
interface with pNbsSia (fig. 7.40). The Si content of the Cr-rich C14 Laves phase was 
higher than 9.3 at% and by considering that Si and Al atoms substitute for Cr atoms 
(Livingston, 1994) and that Ti atoms substitute for Nb atoms, it is concluded that this 
is a ternary C l4 silicide Laves phase, the p phase (Goldschmidt and Brand, 1961),
The characteristic feature that differentiated the microstructure of the Ta-containing 
KZ8 fiom KZ2 (and the other alloys) was the presence of some isolated TisSij in- 
between the (Nb,Ti)ss giains (fig 7.50a) in some regions near the surface of the ingot. 
According to Zhao et al. (2001a) the formation of this phase is avoided when Ti 
content is below 25 at.%. The solidification path for both alloys was the same as the 
KZ5 alloy.
Solidification started with primary pNbgSis. As primary pNbsSis giains grew, the 
liquid became poorer in Si, but richer in Ti, Al and Cr, since the PNbgSis phase has 
lower Ti, Cr and Al content and higher Si content than the alloy composition. At tlie 
solid / liquid interface of the pNbsSis, the Ti, Cr and Al content was higher than the 
equilibrium composition, because of low rates of back diffusion in the solid. This is 
reflected by the presence of Ti-rich aieas around the NbsSia. This was more noticeable 
in KZ8. As in KZ6, in KZ8 the sluggish solid-state diffusion was due to the presence 
of Ta.
After the formation of primary pNbsSia, the eutectic started to grow. The liquidas 
projection of the Nb-Ti-Si phase diagram (fig. 2.6) shows that increase of Ti content 
reduces the eutectic temperature, which suggests that during solidification the eutectic
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gradually becomes richer in Ti as the temperature is decreased. In the KZ8 alloy, 
because of the presence of Ta, the solute distribution with back-diffusion during 
solidification was quite sluggish, and the melt was richer in Ti, Al and Cr than the 
equilibrium composition. The TigSia had higher Cr and Al content than pNbgSia (table 
7.12) and, therefore, it is suggested that its formation is related with the enrichment of 
the liquid in Ti, Cr and Al during the growth of the irregular eutectic. Probably, the 
formation of the irregular eutectic of (Nb,Ti)ss and pNbgSia was followed by the 
formation of the irregular eutectic of (Nb,Ti)ss and TigSia as the temperature decreased 
further.
It is worth noticing that TigSia was present at regions near the surface of the ingot, 
where the cooling rates were lower than near the bottom of the ingot where the melt 
was in touch with the water cooled copper crucible. This shows that in our alloy the 
eutectic evolution was affected by the cooling rate, and that slow cooling rates 
allowed the eutectic to grow.
The absence of TigSia in the Ta-containing KZ6 (contains less Cr than KZ8), indicates 
that the Cr addition stabilised the eutectic at lower temperatures and therefore 
promoted the formation of TigSia.
During the eutectic growth, the (Nb,Ti)ss dendrites developed in the (Ti, Cr, Al)-rich 
melt and the C14 Laves phase solidified congruently from the remaining liquid during 
their thickening
Heat-Treated: After heat treatment at 1500 ®C for 100 h, liquation (fig. 7.44 and 7.51) 
and coarsening of the microstructure occurred (fig. 7.52a vs 7.52b) in both KZ2 and 
KZ8. Titanium Cr and Al lower significantly the melting temperature of the niobium 
silicide-based in situ composites (Zhao et al., 2001a and Chan, 2001). The melting 
temperatuie of niobium solid solution containing Ti, Cr and Al can be estimated using 
the following equation (Chan, 2001):
T„, = 2.742x10^ - 4 . 5 7 x 1 0 ^ - 3 . 0 4 x 1  O^Xc, -(3xl0^X^+1000)X^,
where Xxi, Xcr, Xai are the atomic fractions of Ti, Cr and Al in niobium solid 
solution. This equation demonstrates the strong effects of Ti, Cr and on melting of
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niobium solid solution. For example, application of this equation using the 
composition of the Ti-rich (Nb,Ti)ss of the as-cast KZ2 (table 7.11) gives 1614 °C as 
the melting temperatures of the solid solution. Furthermore, in the as-cast KZ8, unlike 
Ti, Cr and Al, the Ta addition was expected to increase the melting temperature of 
(Nb,Ti)ss, according to the Nb-Ta system (fig. 8.2). Thus, in both KZ2 and KZ8 
niobium solid solution seems to melt above 1500 and therefore, liquation was not 
associated only with melting of (Nb,Ti)ss.
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Figure 8.2 Nb-Ta phase diagram (Krishnan et al., cited in Massalski, 1986a).
It is suggested that melting took place in the Ti and Cr rich areas of the microstructure 
where the C l4 Laves phase was dispersed (fig. 7.40 and 7.49). The liquid that was 
formed during the heat-treatment at 1500 ®C became richer in Cr and Si compared to 
the (Nb,Ti)ss and during cooling solidified mainly as C14 Laves congruently (fig. 7,45 
and 7.51) and only occasionally as a eutectic of (Nb,Ti)ss and C14 Laves phase (top 
right hand comer in fig. 7,44). Probably the Cr-rich C14 silicide Laves phase behaves 
like the C14 Cr2Nb(HT) Laves phase in the Nb-Cr system (fig. 2.10), that can be 
formed congruently from the melt (T^ = 1770°C) or along with niobium solid solution 
in Nb-rich eutectic (at -50 at% Nb and 1650±50 °C).
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Since the Nb-rich eutectic point in the Nb-Cr system is -1650 °C (fig. 2.10), it is 
suggested that some of the alloying additions lowered it. According to the Ti-Cr 
system (fig. 2.11), the high temperature yTiCri is stable up to 1370 and is formed 
congruently fi*om the bcc titanium solid solution, which in that region starts melting at 
temperatures below 1450 ®C. In the Cr-Ta system (fig. 8.3) the high temperature C l4 
Cr2 Ta is formed congruently from the melt at 2020 °C, while the Ta-rich eutectic 
point is beyond 1900 °C. In the Cr-Nb-Si system (fig. 8.4) for Si concentrations 
ranging from 5 up to 20 at.% and Cr concentrations beyond 5 at.% the melting 
temperatures vary between 1670-1845 °C. The above thermodynamic data indicate 
that Ti and Al additions, probably, not only lower the melting temperature of the Cr- 
containing niobium solid solution, but also the melting temperature of the C l4 Laves 
phase and consequently, the melting temperature of the eutectic that consists of 
(Nb,Ti)ss and the Cr-rich C14 silicide Laves phase.
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Figure 8.3 Cr-Ta phase diagram (Venkatraman and Neumann cited in Massalski, 1986b)
The needle like Laves precipitates within and around the grains of the (Nb,Ti)ss 
indicate that their precipitation occurred during furnace cooling from 1500 °C to room 
temperature (cooling rate 2 °C/min), after the homogenisation of the (Nb,Ti)ss at 1500
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°C. The morphology of these precipitates is similar to that observed by Davidson and 
Chan (1999) in Nb-1 lCr-32Ti-8Al heat-heated at 1200 “C for one hour.
In the as-cast microstructure, the (Nb,Ti)ss was quite poor in Si (tables 7.11 and 7.12). 
The presence of Cr-rich C l4 silicide Laves precipitates inside the (Nb,Ti)ss indicates 
that during homogenization the (Nb,Ti)ss became richer in Si. It is suggested that 
small NbsSia grains of the irregular eutectic were dissolved into the (Nb,Ti)ss during 
the isothermal heating (fig. 7.52a vs. fig, 7.52c).
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Figure 8.4 Melting temperatures (“C) in Cr-Nb-Si system (Goldschmidt and Brand, 1961),
Another heat-treatment was made at 1400 ®C so as to achieve homogenization of the 
KZ2 and KZ8 as-cast alloys. Precipitation of the C l4 silicide Laves phase on the 
grain boundaries of the (Nb,Ti)ss, and precipitation of (Nb,Ti)ss within the NbsSia 
grains were not so evident in the KZ8 alloy compared to KZ2. Furthermore, according
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to the XRD data (fig 7.46 vs. fig. 7.53), the presence of the aNbsSia was more evident 
in the 1400 heat-treated KZ2 alloy than in the 1400°C heat-treated KZ8, even 
though Ta stabilizes the aNbsSia in the Nb-Ta-Si system (Kumar and Mannan, 1989). 
Thus, Ta restricted the diffusion of the other elements and decelerated the solid state 
transformations.
There was no indication that Ta destabilized the three-phase equilibrium between 
(Nb,Ti)ss, aNbsSia and the Cr-rich C14 silicide Laves phase. Such equilibrium exists 
in the isothermal section of the Nb-Si-Cr ternary system at 1000 °C (fig. 2.12). 
According to this isothermal section three-phase equilibrium exists among niobium 
solid solution, the aNbsSia and the p-phase that is a Cr-rich C14 silicide Laves phase.
The TisSia, which was formed during the solidification of ICZ8, existed after the heat- 
treatment at 1400 ®C. This phase is undesirable because it has an adverse effect on 
creep (Bewlay et al., 1999b). Our msults would thus suggest that Ta-containing alloys 
cannot be homogenised easily and composition control is difficult during 
solidification.
8.9 Thermo-gravimetric analysis at 800 ®C
At 800 °C, the KZ3 alloy exhibited accelerated oxidation and disintegrated into 
powder (pest oxidation, see fig, 7,56). All alloys exhibited linear oxidation kinetics. 
The A1 additions reduced significantly the oxidation kinetics (fig. 7.55a). In the TG- 
curves of the Cr-containing alloys, there was an initial non-linear oxidation period 
whose duration was related with alloy composition (more evident in fig. 7.55b). This 
two-stage reaction has not only been reported for the high temperature oxidation of 
Nb (Birks and Meier, 1982), but also for niobium silicide based multi-component 
alloys (Menon et al., 2001) that were exposed to 600-1300 ®C.
The oxidation of pure Nb (formation ofNbzOs) in static air follows a parabolic law at 
short time (n=0,5) and becomes linear at longer exposure times. In the niobium 
silicide-based alloys, the value of the kinetic constant n at short times was veiy close
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to unity (Menon et al., 2001). Likewise, in this work, the kinetic constant n was higher 
than 0.5 (for the first 10 h) for all the alloys, indicating faster than parabolic oxidation 
kinetics.
In the first stage of oxidation, rapid oxygen diffiision occurred through the niobium 
solid solution and rapid oxidation took place, while in the second stage breakaway 
oxidation occurred, as the stresses generated within the growing oxide caused scale 
cracking, in agreement with Menon et al. (2001). Furthermore, in the second stage of 
oxidation, as the oxide scale thickened it developed cracks or lifted away from the 
alloy partially or completely, and thus did not provide an effective barrier to oxygen 
ingress towards the Cr-containing alloys as oxidation progressed.
In the Cr and Al-containing alloys investigated in this work, the higher oxidations 
rates in the second stage of oxidation (fig. 7.55b) and the resulting lower oxide scale 
adhesion (fig. 7.56) are attributed to the increase of the Cr concentration or the Ta 
addition in the alloy. Separation between the alloy and the oxide at the edges and the 
comers of the samples (fig. 7.56), and porosity and cracking in the scale and the 
scale/alloy interface, with the cracks being parallel to the surface of the sample, 
indicated very low oxide scale adhesion (figs. 7.63-7.65).
The XRD data (fig. 7.57-7.59) showed that in all alloys a mixture of NbiOs, 
SNbaOs-TiOi, SNbzOg ^TiO^ and NbzOg TiOa was formed. Chromium, A1 and Ta 
additions probably promoted the formation of the CrNb0 4 , AlNb0 4  and 
2 Nb2 0 5 *Ta2 0 5 , respectively.
Crystoballite S1O2 was detected vrith XRD in the oxides of niobium silicide based 
alloys that were exposed at 600-1300 ^C (Menon et al., 2001), SiOz was not detected 
in our study since there was high background noise in the XRD from the sample 
holder because of the small quantities of the oxide-powders that have been used.
The following sections focus on the effect of the alloy composition and microstructure 
on the oxidation rate and the diffusion of oxygen through the alloy.
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8.9.1 Oxidised Nb-24Ti-18Si alloy (KZ3)
The high temperature oxidation of Nb occurs via inward diffusion of oxygen through 
the scale (Birks and Meier, 1982). Initially, a protective layer of Nb2 0 5  is formed over 
a thin layer of lower niobium oxides, but, as the oxide scale grows, stresses are 
generated within the oxide that cause scale cracking and a “breakaway” linear 
oxidation.
For good adhesion, the Pilling-Bedworth ratio, PBR (volume per metal ion in oxide / 
volume per metal atom in metal), should be 1.15 (Mayo et al., 1960). The oxide is 
expected to be in compression if the PBR is greater than unity. This is feasible if the 
oxide is growing at the scale-metal interface due to the inward migration of oxygen 
ions. Nb2 0 5  has oxide-metal volume ratio equal to 2.7, which explains why the oxide 
skin flakes away from niobium as soon as appreciable quantities of this oxide have 
formed.
According to Argent and Phelps (1960), at 800 the oxidation rate of Nb was 22.8 
mg/cm^-h while that of a binary niobium alloy with 20 at.% Ti was 0.8 mg/cm^-h. 
Oxidation and contamination studies in air at 800 of binary niobium solid solutions 
that contained up to 35 at.% Ti, showed that the oxidation rate reached a minimum 
when the Ti content was about 25 at.%; the oxidation rate of this alloy was 1/10-1/20 
of that of pure niobium (Sims et al, 1959). Furthermore, a Ti content of 25-35 at.% 
was effective in reducing oxygen diffusion in niobium solid solution. Such results 
suggested that niobium-titanium base alloys might be the basis of more complex 
oxidation resistant alloys. This improvement was attributed to the formation of 
3Nb20s'Ti02 (Argent and Phelps, 1960) and the influence of dissolved titanium on 
Nb20s (Smith, 1960).
In the Nb-24Ti-18Si alloy (KZ3) instead of linear oxidation, accelerated pest 
oxidation occurred (fig. 7.55a and 7.56). Pest oxidation is the phenomenon of 
disintegration of some intermetallic compounds into powders at inteimediate 
temperatures (Westbrook and Wood, 1964) and therefore, is related with the existence 
of (Nb,Ti)3 Si in the microstructure of KZ3.
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In the XRD (fig. 7.57a), the presence of SNbzOs TiOi was more evident than NbzO ,^ 
while NbiOs'TiOa might also exist, since it is present in the TiOrNbzOs pseudo­
binary system (fig. 8.5). Furthermore, instead of SNbzOg T ^ ,  5 Nb2 0 5 *2 Ti0 2  can 
also exist (Chan, 2004),
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Figure 8.5 The TiOa-NbgOg system (Levin et al., 1964).
Although, the mechanism of peSt oxidation is still open in question, Westbrook and 
Wood (1964) proposed a reasonable model that is based on microhardness 
measurements along grain boundary paths perpendicular to the gas / metal interface. 
According to this model, at low temperatures oxygen/nitrogen diffusion in such 
intermetallic is low and oxidation takes place at the surface of the sample. Over some 
intermediate temperatures oxygen diffuses rapidly through the sample along grain 
boundary paths. At the beginning, the oxygen is confined at the grain boundaries and 
embrittles them. Then oxide formation occurs and internal stresses arise that cause the 
cracking of the specimen along the giain boundaries. At high temperatures the local 
hardening and embritllement are relieved and pest oxidation does not occur. Thus, the 
lower temperature of pest oxidation is the temperature at which appreciable 
intergianular diffiision occurs, while the upper temperature limit is the temperature at 
which grain boundary hardening decreases abruptly.
It seems that pest oxidation is related to the formation of oxides and the large volume 
expansion at grain boundaries, pre-existing cracks, and pores, at a specific 
intermediate range of temperatures for each intermetallic compound. Volume change
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during oxide formation varies among the elements, and a thiid element with higher 
affinity to oxygen may change the oxide formation at grain boundaries. When the 
volume expansion during oxide formation is small, the pesting phenomenon can be 
suppressed. For example, during pest oxidation of MoSiz selective oxidation of Si to 
SiOi takes place at the grain boundaries, because the affinity to oxygen of Mo is much 
smaller than that of Si (Yanagihara et al., 1996), The volume expansion 
accompanying selective oxidation of Si is significant, +85.6 % and generates large 
internal stresses at the grain boundaries that cause the disintegration of MoSi2 . 
Addition of A1 that has higher affinity for oxygen than Si and oxidises selectively at 
the grain boundaries, suppresses pesting; the volume change in Mo(Si,Al) 2  is 4,9 %,
According to the preceding studies, pest oxidation of (Nb,Ti)3 Si is probably due to the 
generation of inter-granular cracks, because of its brittle natui*e and the formation of 
voluminous oxides at its grain boundaries, that increased the oxygen intake and led to 
accelerated oxidation.
8.9.2 Oxidised Nb-24Ti-18Si-5Al alloy (1500KZ7)
Pest oxidation has been reported for NbgSig (Yanagihara et al., 1996), but the A1 
presence in the NbsSis-containing 1500KZ7 reduced the pesting susceptibility of this 
alloy, which is in agreement with Bewlay et al. (2003). Considering that the A1 
content of aNbsSia was 2-3.8 at.% (table 7,8), probably tliis is due to the fact that Al 
has higher affinity for oxygen than Si and can suppress the oxidation of Si to 8 %  that 
might have taken place at the grain boundaiies of aNbgSig during oxidation, as in the 
case of M0 S12 (Yanagihara et al., 1996). According to the X-ray dififiactogram (fig. 
7.57b) the Al addition had promoted the formation of AlNb0 4 .
The 1500KZ7 exhibited the lowest average weight gain of all the alloys, even though 
the oxide scale was the least adherent (fig. 7.55 and 7.56). Cracks that were visible on 
the surface of the sample (fig, 7.56) had formed mainly in the aNbgSig during the 
oxide growth. The TG data showed that the weight gain increased after 67 hours (fig.
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7.55a). It seems that at this point the generation of growth stresses cause the formation 
of cracks in the oxide scale that allowed fuither attack of the alloy by oxygen.
At temperatures below 900 it has been reported that the oxidation of Nb-Ti-Si in 
situ composites with Hf, Cr and Al additions is accompanied by the appearance of 
cracks parallel to the sample faces just below the oxide scale and that the cracks seem 
to follow the sample contour (Menon et al,, 2001). Figure 7.61 shows several grooves 
and voids in the oxide/alloy interphase that are parallel to the oxidised sample surface, 
in agreement with Menon et al. (2001).
Just below the oxide layer there was a zone where the (Nb,Ti)ss had quite high oxygen 
content, while there was no oxygen in NbsSia (fig. 7.61). The oxygen content in 
(Nb,Ti)ss was ~30 at.%, which is consistent with the WDX measurements of Menon 
et al. (2001), who also reported that fine oxide precipitates were dispersed within and 
around the (Nb,Ti)ss in oxidised Nb-Ti-Si alloys with Hf, Cr and Al additions.
In the BSE image in figure 7.61, the internal oxidation zone can be differentiated from 
the alloy microstructure by the lower back scattered electron yield; (Nb,Ti)ss becomes 
darker as oxygen concentration increases, while the neighbouring NbsSia gets 
relatively brighter. The latter is more evident in the oxide scale in figure 7,61, where 
there are some bright remaining areas of NbsSia with very low oxygen content. These 
areas are surrounded by Si-containing oxides, which are darker than the non-Si 
containing ones. These results have confirmed (i) that the oxygen solubility in 
aNbsSia is quite low and that this silicide does not oxidise as easily as the (Nb,Ti)ss 
and (ii) that rapid inward diffusion of oxygen in the alloy occurs via the (Nb,Ti)ss. 
Thus, after the dissolution of oxygen, oxidation proceeded catasti’ophically, as far as 
the oxygen supply would allow. Growth cracks in the oxide allowed further oxygen 
attack and thus breakaway oxidation occurred.
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8.93 Oxidised Nb-24Ti-18Si-5Cr alloy (1500KZ4)
In 1500KZ4 the oxide scale was quite porous and thick, and consequently the 
adhesion between the scale and the alloy was poor (fig. 7.56 and 7.62), The scale 
morphology indicated that the oxidation rate was high and this is verified by the high 
gradient of the TG curve. In the oxide scale, the presence of aNbsSia with low oxygen 
content was an indication that the solubility of oxygen in the aNbsSia present in the 
alloy was quite low. This is not related with the presence of Cr in the 5-3 silicide, 
since the Cr concentration in this phase is low (-0,5 at,%, see table 7.6).
The oxidation products observed after isothermal oxidation at 800 °C were the NbzOs, 
NbaOs-TiOa, SNbaOs'TiOz, 5Nb20s 2Ti02 and CrNb04 oxides (fig. 7.58a). Such 
oxides were observed in the oxide spalls of a Nb-22.5Ti-4.0Hf-15.6Cr-17.3Si-4.8Ge 
alloy, after cyclic oxidation test from ambient temperature to 900 ^C (Chan, 2004); 
XRD revealed the existence of CrNb0 4 , Ge02, Nb20s, 3Nb20s-Ti02, 5Nb20s*2Ti02. 
In that alloy internal oxidation caused numerous micro-cracks that laid parallel to the 
surface, just below the oxide scale.
Since in the oxide scale there was remaining NbsSia with low dissolved oxygen, rapid 
oxidation had occurred through (Nb,Ti)ss (fig. 7.62). The internal oxidation zone just 
below the oxide scale was significantly narrower and leaner in oxygen compared to 
the 1500KZ7 alloy. This has been expected, since the diffusivity of oxygen in 
(Nb,Ti)ss is reduced when Cr is added (Perkins and Meier., 1990). This element is a 
substitutional solute that interacts more strongly with oxygen than niobium and has 
smaller atomic radius, therefore acting as a trap that reduces oxygen diffusivity; the 
rate of oxide scale formation was so rapid that oxygen diffusion in the alloy was 
negligible. Considering that Al has gieater affinity for oxygen than Cr, the higher rate 
of oxidation of the 1500KZ4 alloy compared to 1500KZ7 is attributed to the higher 
growth rate of CrNb0 4  compared to AlNb0 4 .
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8.9.4 Oxidised Nb-24Ti-(6Ta)-18Si-8Cr-4AI and Nb-24Ti-(6Ta)-18Si-5Cr-5Al 
alloys (1500KZ5,1400KZ2,1500KZ6 and 1500KZ8)
After isothermal oxidation in the oxide scales of 1400KZ2 and 1400KZ8 alloys, some 
remaining Cr-rich Laves phase and NbsSis with very low oxygen contents existed 
(fig. 7.64 and 7.65). This indicates that the oxygen solubility in these phases is quite 
low and that they do not oxidise easily. It seems that as in Nb-NbsSis alloys, in 
niobium silicide-based in situ composites oxidation occurs rapidly via diffusion of 
oxygen through (Nb,Ti)ss.
Oxidation and contamination studies in air at 800^C of binary niobium solid solutions 
that contained up to 25 at.% Ta and up to 5 at.% Si, showed that Ta and Si did not 
decrease the oxidation rate, while they improved the contamination resistance 
negligibly (Sims et al., 1959). Thus, the elimination of the internal oxidation zone in 
the Ta-containing alloys 1500KZ6 and 1400KZ8 was due to the synergy of Ti, Cr and 
Al additions in niobium solid solution. This was also the case for the 1500KZ5 and 
1400KZ2 alloys.
According to table 7.4, the area fraction of the niobium solid solution in 1400KZ2 
was the same as in 1400KZ8. Considering that in 1400KZ2 and 1400KZ8 the Ti, Cr 
and Al concentrations in (Nb,Ti)ss were approximately the same, the higher oxidation 
rate obseived in 1400KZ8 was due to the Ta addition.
The 1400KZ2 and 1400KZ8 alloys had higher Cr content than the respective 
1500KZ5 and 1500KZ6, and together with the (Nb,Ti)ss and a  or PNbsSis, there was 
also a Cr-rich C14 silicide Laves phase in their microstructures. According to Bewlay 
et al. (2002), the presence of Cl 4 Laves phase can improve the oxidation resistance at 
1204 °C and 1316 ^C, but not at 800 °C. Furthermore, (Nb,Ti)ss in 1400KZ2 or 
1400KZ8 had lower area fraction and similar levels of Ti, Cr and Al compared to the 
1500KZ5 or 1500KZ6 alloys (tables 7.4 and 7.13). Thus, increase of Cr addition in 
Al-containing alloys increased the oxidation rate although it stabilised a Cr-rich 
silicide Laves and lowered the area fraction of (Nb,Ti)ss (see fig. 7.55b and table 7.4, 
1400KZ2 vs 1500KZ5 and 1400KZ8 vs. 1500KZ6).
174
CHAPTER 8 DISCUSSION
The preceding dath indicate that Cr and Ta additions are detrimental to the oxidation 
rate of the Al-containing niobium alloys at 800 ®C, but Cr like Ti addition reduces the 
diffiision of oxygen in niobium solid solution.
8.10 Thermo-gravimetric analysis at 1200 ®C
The oxidation of pure Nb (formation ofNbzOg) in static air follows a parabolic law at 
short time (n = 0.5) and becomes linear at longer exposure times. Chromium, Al and 
Ta additions seem to improve the oxidation resistance at 1200 °C, but in all the alloys 
the kinetic constant n was higher than 0.5 (for the first 20 h), indicating faster than 
parabolic oxidation kinetics. This is consistent with previous investigations that have 
shown that the value of n was found to be very close to unity (Menon et al., 2001).
The oxidation resistance of the 1400KZ2 and 1400KZ8 alloys was higher than the 
other alloys (fig. 7.66), probably because of the lower area fraction of (Nb,Ti)ss in 
their microstructures (table 7.4), and the fact that the NbgSig silicides and the Cr-rich 
C14 silicide Laves phase are less susceptible to oxidation. This is consistent with the 
oxidation studies of Chan (2004), who has reported that the oxidation resistance of 
Nb-based multiphase alloys increased with decreasing volume fraction of the niobium 
solid solution in the microstructure.
Improvements in oxidation resistance can be achieved by adding elements like Cr and 
Al, but niobium silicide-based in situ composites would still require oxidation- 
protective coatings for any long-term service at 1200 °C. Emphasis should be given 
on the mechanical properties of these alloys at low and high temperatures, Ta-addition 
has the potential of improving high-temperature properties, without being particularly 
detrimental for the oxidation resistance of these alloys.
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CHAPTER 9 
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
9.1 C on clu sion s
The objectives of this study have been achieved. The main conclusions of this work
are as follows:
• In the Al-containing alloys, Nb-24Ti-18Si-5Al (KZ7), Nb-24Ti-18Si-5Cr-5Al 
(KZ5), Nb-24Ti-6Ta-18Si-5Cr-5Al (KZ6), Nb-24Ti-18Si-8Cr-4Al (KZ2) and Nb- 
24Ti-6Ta-18Si-8Cr-4Al (KZ8) alloys, the pNbgSig silicide is the primary phase, 
while in the Nb-24Ti-18Si (KZ3) and Nb-24Ti-I8Si-5Cr (KZ4) alloys, the 
(Nb,Ti)ss is the primary phase,
• In the (Nb,Ti)ss, after homogenisation, the Ta, Cr and Al concentrations were ~6 to 
8 at.%, -9  to 13 at.%, and 6 to 8 at.% respectively, while the Si content was less 
than 1 at.% in the non Ta-containing and ~3 to 5 at.% in the Ta-containing alloys.
• Titanium stabilized the (Nb,Ti)3 Si silicide (KZ3) which was destabilized by Cr 
and Al (KZ4 and KZ7), Al is more potent than Cr, since the (Nb,Ti)3 Si existed in 
the as-cast KZ4, but not in the as-cast KZ7.
• Al additions promoted the formation of pNb5 Si3 and changed the nature of the 
eutectic. A divorced eutectic of (Nb,Ti)ss and PNbgSis was formed in KZ7, instead 
of the rod like eutectic of (Nb,Ti)ss and (Nb,Ti)3Si that existed in KZ3, Cr 
stabilised the divorced eutectic of (Nb,Ti)ss and pNbsSi3  to lower temperatures and 
promoted the formation of TigSis in KZ8.
• Cr additions caused the formation of the Cr-rich C14 silicide Laves phase without 
destabilizing the pNbsSis (KZ2 and KZ8), The ternary Cr-rich C l4 silicide Laves 
phase with Si > 2.5 at.% has been classified as the ternary p-phase that is given in 
the Nb-Cr-Si phase diagram determined by Goldschmidt and Brant, after
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considering that Si and Al atoms substitute for Cr atoms and that Ti and Ta atoms 
substitute for Nb atoms. The Cr-rich C l4 silicide Laves phase that was present at 
the depressions of (Nb,Ti)ss dendrites probably was formed congruently from the 
remaining liquid.
• After homogenisation, the pNbsSig phase transfoimed to aNbgSig via precipitation 
of (Nb,Ti)ss: pNbsSis —>■ aNbsSis + (Nb,Ti)ss. Ta and Cr retarded this 
transformation.
• Cr-content higher than 5 at.% should be avoided since it lowers significantly the 
melting temperature of the alloys. In KZ2 and KZ8 alloys, liquation occurred 
during heat-treatment at 1500 °C for 100 h.
• Solid-state diffusion was sluggish in the presence of Ta, which decelerated the 
solid-state transformations. Composition control in the Ta-containing alloys was 
quite difficult during melting. After heat-treatment the Ta-containing alloys were 
homogenised to a lesser extent compared to the non-Ta-containing alloys.
• The undesirable TigSig phase (detiimental for creep resistance) that formed during 
solidification in the Ta-containing KZ8 was not eliminated after homogenization 
at 1400 T  for 100 h.
• Ta did not destabilize the three-phase equilibrium between (Nb,Ti)ss, aNbsSis and 
the C l4 silicide Laves phase in KZ8.
• After isothermal oxidation for -100 h at 800 °C the following observations have 
been made:
a. The pest oxidation of KZ3 is probably due to the generation of inter-granular 
cracks in (Nb,Ti)3 Si, because of its brittle nature and the formation of 
voluminous oxides (like SiOi) at its grain boundaries, that increased the 
oxygen intake and led to rapid oxidation. In the Al and/or Cr containing 
alloys pest was not observed; Al and Cr have higher affinity for oxygen than
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Si and can suppress the oxidation of Si to Si02 that might have taken place 
at the grain boundaries of a/pNbsSia during oxidation,
b. The NbsSis-containing alloys exhibited linear oxidation kinetics; Al 
additions reduced significantly the oxidation rate.
c. Higher oxidation rates and lower adherence of the oxide scale were observed 
with increase of Cr and/or Ta addition in the Al-containing alloys.
d. Si-containing and non Si-containing oxides corresponding to the 
stoichiometty MO2  were present in the oxide scale together with remnants of 
5-3 silicide and / or Laves phase. The presence of some remaining Cr-rich 
C14 silicide Laves phase and NbsSia in the oxide scales of 1400KZ2 and 
1400KZ8 with very low oxygen content, indicated that the oxygen solubility 
in these phases is quite low and that they do not oxidise easily. In niobium 
silicide-based in situ composites, oxidation occurs via diffiision of oxygen 
through (Nb,Ti)ss.
e. Just below the scale, there was an internal oxidation zone only in the Nb- 
24Ti-18Si-5Al alloy. In the Nb-24Ti-18Si-5Cr alloy this zone was thinner 
and leaner in oxygen; Cr like Ti addition reduced the diffiision of oxygen in 
the niobium solid solution. In the Cr and Al-containing alloys the internal 
oxidation zone was eliminated which means that the diffusivity of oxygen 
through (Nb,Ti)ss was reduced because of the synergy of the Ti, Cr and Al 
additions.
f. The presence of the oxidation resistant Cr-rich C14 silicide Laves phase in 
1400KZ2 and 1400KZ8 did not affect the oxidation rate at 800 ®C, but 
decreased the oxidation rate at 1200 °C. This improvement is attributed to 
the lower area fraction of (Nb,Ti)ss in their microstructures, since it seems 
that the NbsSia silicides and the Cr-rich C14 silicide Laves phase are less 
susceptible to oxidation.
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9.2 S u ggestion s fo r  fu tu re w o r k
Emphasis should be given on the alloys that consist of primary (Nb,Ti)ss and aNbsSis 
since primary fiNbsSa transforms partially to aNbsSia after heat-treatment for 100 h or 
200 h at 1500 or 1400 °C, when Al, Cr and/or Ta are present. This means that Al 
and Si additions should be less than 5 at.% and 18 at.% respectively. It is suggested 
that Si levels should not be less than 16 at.%, since otherwise the creep resistance of 
the alloy can be lowered significantly, and Al levels should be around 3at.%, since 
this was approximately the minimum concentration in the pNbsSa of the investigated 
alloys.
Cr-content higher than 5 at.% should also be avoided, since Cr lowers the melting 
temperatuie significantly. At these Cr concentration levels, the Cr-rich C14 silicide 
Laves phase would not exist, and this will be beneficial for the fracture toughness.
The presence of Ta causes deceleration of the solid-state transformations and retards 
homogenization. Before any further investigation, creep tests should be made in Ta- 
containing niobium alloys so as to observe the extent of improvement in creep 
resistance. Ta-addition is not particularly detrimental for the oxidation resistance of 
the alloys, but embrittles (Nb,Ti)ss, and its levels should be determined considering 
also, fracture toughness measurements.
Therefore the following recommendations are made for future work:
1. Study of microstructures and mechanical properties in Nb-24Ti-16Si-3Al-(>5Cr) 
alloys that consist of aNbsSia and (Nb,Ti)ss (without the presence of the Cr-rich 
C l4 silicide Laves phase).
2. Study of the effects of Ta on firacture toughness and creep resistance in Nb-24Ti- 
(>6Ta)-16Si-3Al-(>5Cr) alloys that consist of aNbsSia and (Nb,Ti)ss.
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APPENDICEIS 
APPENDIX 1
JCPDS cards for the phases found in the as-cast and heat-treated alloys
35-0789 Quality:
CAS Number: 7440-03-1
Molecular Weight: 92.91 
Volume[CD]: 36.15
Dx: 8.534 Dm:
Sys: Cubic
Lattice: Body-centered 
S.G..Im3m(229)
Cell Parameters: 
a 3.306 b cP_____L_
SS/FOM: F 8=146(.0069, 8) 
1/lcor; 6.99 
;Rad; CuKal 
Lambda: 1.5405981 
Filter: Graph 
d-sp: diffractometer
Nb
Niobium
Fief: Natl. Bur. Stand. (U.S.} Monogr. 25 ,19 ,67  (1984)
3.6 1.8 1.3 1.0 0.9 d(A)
d(A) Int-f h k 1 d(A) Int-f h k 1 d(A] Int-f h k 1
2.3378 100 1 1 0 1.1688 5 2 2 0 .88379 4 3 2 1
1.6532
1.3499
16
20
2 0 
2 1
0
1
1.0456
.95455
4
1
3
2
1
2
0
2
.82664 <1 4 0 0
30-0874 Quality:
CAS Number:
Molecular Weight: 548.79 
Volume[CD]: 513.07 
Dx: 7.105 Dm: ____
Sys: T etragonal 
Lattice: Body-centered 
S.G.: 14/mcm (140]
Cell Parameters: 
a 6.569 b c 11.(tt______ G_____ y
SS/FOM: F30=67(.0128,35)
l/lcor: 3.90
Rad: CuKal
Lambda: 1.540598
Filter:
d-sp:
Nb5Si3 
Niobium Silicide
Ref: Natl. Bur. Stand. (U.S.) Monogr. 25 ,15 ,43  (19781
(o ■«it JLLL
d(A) Int-f
4.4 
h k 1
2.3
d(A) Int-f
3.6600 8 1 1 2 1.8480 1
3.2830 2 2 0 0 1.8310 <1
2.9710 3 0 0 4 1.8230 <1
2.8750 17 2 0 2 1.8020 <1
2.8540 25 2 1 1 1.6960 1
2.5040 25 1 1 4 1.6550 <1
2.3600 100 2 1 3 1.6420 1
2.3250 13 2 2 0 1.5792 8
2.2040 30 2 0 4 1.5488 4
2.1630« <1 2 2 2 1.5077 1
2.0770 40 3 1 0 1.4982 2
1.9820 16 0 0 6 1.4859 3
1.9620 1 3 1 2 1.4780 16
1.5 41am
0 0 14 1
3 3 0 
2 2 6
3 3 2 
0 0 8
4 1 3
1.2
1.4699
1.4464
1.4376
1.4338
1.4158
1.3731
1.3534
1.3170
1.2646
1.2591
1.2513
1.2201
1.2135
d (Â )
Int-f h k 1
20 2 1 7
<1 3 2 5
9 4 0 4
17 3 1 6
<1 1 1 8
13 3 3 4
1 2 0 8
<1 4 2 4
2 4 0 6
2 5 1 2
2 2 2 8
4 3 3 6
2 5 2 1
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30-0875 Quality:
CAS Number:
Molecular Weight: 548.79 
Volume[CD]: 509.82 
Dx: 7.150 Dm:
Sys: T etragonal 
Lattice: Body-centered 
S. G.: 14/mcm (140)
Cell Parameters: 
a 10.02 b c  5.069
(A p y
SS/FOM: F30=72(.0119,35)
l/lcor: 1.22
Rad: CuKal
Lambda: 1.540598
Filter:
d-sp:
Nb5Si3 
Niobium Silicide
Ref: Natl. Bur. Stand. (U.S.) Monoqr. 2 5 ,15 ,44  (1978)
en w
d(A) Int-f
4.4 
h k 1
2.3
d(A) Int-f
1.5
h k 1
1.2
d(A)
1.0
Int-f h
d(Â) 
k 1
7.1000 3 1 1 0 1.5538 13 5 1 2 1.1656 4 7 5 0
5.0210 2 2 0 0 1.4961 10 5 4 1 1.1489 4 5 4 3
3.5460 6 2 2 0 1.4526 9 4 4 2 1.1435 14 8 3 1
3.3610 25 2 1 1 1.4437 18 3 2 3 1.1313 3 4 0 4
3.1720 30 3 1 0 1.4336 17 6 3 1 1.1237 7 8 0 2
2.5360 30 0 0 2 1.4229 14 5 3 2 1.1197 8 G 3 3
2.5070 14 4 0 0 1.4183 20 7 1 0 1.1169 5 3 3 4
2.4400 80 3 2 1 1.3953 18 6 0 2 1.1076 2 9 1 0
2.3870 14 1 1 2 1.3878 30 4 1 3 1.1033 14 4 2 4
2.3650 11 3 3 0 1.3443 <1 6 2 2 1.0714 1 6 G 22.2630 40 2 0 2 1.3293 1 7 2 1 1.0681 1 7 2 3
2.2430 55 4 2 0 1.3165 1 7 3 0 1.0636 1 9 2 1
2.1930 100 4 1 1 1.2672 8 0 0 4 1.0405 2 8 5 1
2.0625 60 2 2 2 1.2513 2 5 2 3 1.0310 1 4 4 4
1.7824 3 4 0 2 1.2446 2 6 5 1 1.0256 7 8 4 21.7481 6 5 2 1 1.2378 10 5 5 2 1.0224 2 6 5 3
1.7200 1 5 3 0 1.2196 15 6 4 2 1.0150 8 9 1 2
1.6801 <1 4 2 2 1.2162 15 8 2 0 1.0130 3 7 7 0
1.6721 1 6 0 0 1.2082 1 7 4 1 1.0099 2 6 0 4
1.5854 14 6 2 0 1.1820 5 6 6 0 1.0028 2 8 6 0
1.5809 10 2 1 3 1.1772 5 3 1 4 .99820 3 9 4 1
1.5674 1 6 1 1 1.1684 G 7 3 2
22-0763 Quality: I
CAS Number:
Molecular Weight: 
Volume[CD|: 541.03 
Dx: 7.533 Dm: 7.350
Sys: T etragonal 
Lattice: Primitive 
S.G.: P42/n(BG] 
Cell Parameters: 
a 10.21 b c 5.19 _ï____
SS/FOM: F27=31 (0.021,41) 
l/lcor:
Rad: CuKa 
Lambda; 1.5418 
Filter: Ni 
d-sp:
Nb3 Si
Niobium Silicide
Ref: Deardorff et al., J. Less-Common Met., 18,11 (1969)
g .2?en «i!
4.4
J l
3.0 2.3 1.8 d(Â)
d(A) Int-f h k 1 d(A) Int-f h k 1 d(A) Int-f h k 1
3.6400 10 2 0 1 2.4870 100 3 2 1 2.1840 6 3 3 13.6100 8 2 2 0 2.4420 60 1 1 2 2.1060 25 2 2 23.4300 4 2 1 1 2.4090 45 3 3 0 2.0920 10 4 2 1
3.2300 2 3 1 0 2.3140 20 2 0 2 2.0630 10 3 0 22.8480 6 3 0 1 2.2890 50 4 0 1 2.0210 20 3 1 22.7430 40 3 1 1 2.2550 6 2 1 2 2.0030 25 5 1 02.5920 6 0 0 2 2.2350 75 4 1 1 1.8680 10 5 1 1
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47-1638 Quality. C
CAS Number:
M olecular Weight: 196.90 
Vo!ume[CD]: 172.81 
Dx: 7.568 Dm:
Sys: Hexagonal 
Lattice; Primitive 
S.G.: PG3/mmc (194)
Cell Parameters: 
a 4.976 b c 8.059
tt________ g______ Ï_____
SS/FOM:F30=280(.0032,33) 
I/I cor:
Rad: CuKa 
Lambda: 1.5418 
Filter: Graph 
d'Sp: calculated
NbCr2
Chromium Niobium
Ref: Thoma, P., Perepezko, J., Mater. Sci. Eng., 156,97 (1992)
i t
3.0 1.5 1.1 .5 1.2 d(A)
d(A) Int-f h k 1 d(A) Int-f h k 1 d(A] Int-f h k 1
4.3094 1 1 0 0 1.5964 <1 2 1 1 1.1823 <1 3 1 1
4.0283 1 0 0 2 1.5101 2 2 1 2 1.1818 <1 1 1 63.7999 3 1 0 1 1.5095 7 1 0 5 1.1458 <1 3 1 22.9430 8 1 0 2 1.4716 <1 2 0 4 1.1456 5 2 1 52.4880 52 1 1 0 1.4365 9 3 0 0 1.1397 8 2 0 62.2796 87 1 0 3 1.3926 33 2 1 3 1.1121 2 1 0 72.1545 14 2 0 0 1.3529 21 3 0 2 1.0920 16 3 1 32.1170 100 1 1 2 1.3430 3 0 0 6 1.0773 1 4 0 02.0817 65 2 0 1 1.2905 26 2 0 5 1.0678 7 4 0 12.0144 11 0 0 4 1.2823 3 1 0 6 1.0584 8 2 2 41.9001 5 2 0 2 1.2666 3 2 1 4 1.0407 <1 4 0 21.8251 6 1 0 4 1.2441 22 2 2 0 1.0362 3 2 1 61.6808 <1 2 0 3 1.1952 <1 3 1 0 1.0279 2 3 1 41.6287 <1 2 1 0 1.1887 <1 2 2 2 1.0153 <1 2 0 7
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APPENDIX 2 
X-ray diffraction data of the as-cast ingots
As-cast Nb-24Ti-18Si alloy (KZ3cs)*
20
measured
d(A)
measured
I/I„
measured
d(A)
reference I/Ioreference hid Phase
24.777 3.590 9 3.610 8 220 (Nb,Ti)3Si
32.925 2.718 19 2.743 40 311 (Nb.TDsSi
36.390 2.467 52 2.487 100 321 (Nb,Ti)3Si
37.200 2.415 26 2.442 60 112 (Nb,Ti)3Si
37.600 2.390 25 2.409 45 330 (Nb,Ti)3Si
38.865 2.315 100 2.338 100 110 (Nb,Ti)^
40.570 2.222 47 2.235 75 411 (Nb,Ti)3Si
43.318 2.087 12 2.092 10 421 (Nb,Ti)3Si
45.160 2.006 11 2.003 25 510 (Nb,Ti)3Si
49.000 1.857 4 1.868 10 511 (Nb,Ti>3Si
56.033 1.640 13 1.653 16 200 (Nb,Ti)ss
70.021 1.343 17 1.350 20 211 (Nb,Ti)«
83.285 1.159 10 1.169 5 220 (Nb,Ti)ss
95.500 1.041 7 1.046 4 310 (Nb,Ti)ss
(Nb,Ti)ss: JCPDS 35-0789 and NbjSi: JCPDS 22-0763
*cs stands for cross section and p means middle section parallel to the bottom of the 
ingot (see fig. 6.2).
192
APPENDICEIS KONSTANTINOS ZELENITSAS
As-cast Nb-24Ti-18Si-5Cr alloy (KZ4p)
20
measured
d(Â)
measured I/Iomeasured
d(Â)
reference I/Ioreference hkl Phase
24.600 3.616 5 3.660 8 112 aNbsSis
27.400 3.252 5 3.280 2 200 aNbsSia30.200 2.957 5 2.971 3 004 aNbsSis31.688 2.821 21 2.854 25 211 aNbsSis32.800 2.728 5 2.743 40 311 (Nb,Ti)3Si
36.243 2.477 14 2.4872.504
100
25
321
114 (Nb,Ti)3SiaNbsSis37.200 2.415 26 2.442 60 112 (Nb,Ti)3Si
38.428 2.341 64 2.360 100 213 aNbsSis39.248 2.294 100 2.338 100 110 (Nb,Tik40.600 2.220 11 2.235 75 411 (Nb,Ti)3Si41.251 2.187 17 2.204 30 204 aNbsSi343.1 2.096 6 2.117 100 112 Cl4 Laves
43.954 2.058 25 2.0632.077
10
40
302
310 (Nb,Ti)3SiaNbsSi3
45.1 2.009 5 2.003 25 510 (Nb,Ti)3Si
46.000 1.971 6 1.982 16 006 aNbsSi356.600 1.625 14 1.653 20 200 (Nb,Ti)ss58.900 1.567 6 1.579 8 411 aNb)Si3
60.200 1.536 5 1.549 4 330 aNbsSis
63.400 1.466 11 1.470 20 217 aNbsSi3
65.400 1.426 7 1.438 9 404 aNbsSis
68.800 1.363 8 1.373 13 334 aNb;SÎ371.075 1.325 16 1.350 20 211 (NbJOss75.600 1.257 4 1.259 2 512 aNbsSis83.500 1.157 13 1.169 5 220 (Nb,Xi)ss97.000 1.028 7 1.046 4 310 (Nb,Tik108.000 0.952 5 0.955 1 222 (Nb,Ti)ss
(Nb,Ti)ss: JCPDS 35-0789, aNbgSig: JCl 
JCPDS 47-1638 PDS 30-0874, NbsSi: JCPDS 22-0763 and C14 Laves:
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As-cast Nb-24Ti-18Si-5Al alloy (KZ7cs)
26
measured
d(Â)
measured I/Iomeasured
d (A )
reference I/Ioreference hkl Phase
26.5 3.361 5 3.361 25 211 pNbgSi]
28.0 3.184 5 3.172 30 310 PNbsSiî
35.68 2.514 13 2.507 14 400 PNbsSis
36.813 2.439 17 2.440 80 321 PNbgSig
38.764 2.321 100 2.338 100 110 (Nb,Ti)ss
40.069 2.248 26 2.243 55 420 PNbjSis
41.1 2.194 20 2.193 100 411 pNbsSia
44.047 2.054 13 2.063 40 202 pNbsSia
55.937 1.642 14 1.653 16 200 (Nb,Ti)ss
58.000 1.589 3 1.585 14 620 PNbsSia
59.500 1.552 3 1.554 13 512 PNbsSij
61.800 1.500 2 1.496 10 541 PNbsSia
64.800 1.438 6 1.434 18 323 pNbsSij
65.600 1.422 6 1.423 14 532 PNbsSia
67.700 1.383 6 1.388 30 413 PNbsSis
70.125 1.341 15 1.350 20 211 (Nb,Ti)ss
75.5 1.258 3 1.251 2 523 PNbsSis
78.3 1.220 3 1.220 15 642 pNbsSia
83.5 1.157 5 1.169 5 220 (Nb,Ti)ss
84.6 1.144 3 1.144 14 831 pNbsSia
86.5 1.124 2 1.124 7 802 PNbsSis
89.0 1.099 2 1.103 14 424 pNbsSia
95.7 1.039 6 1.0461.041
4
2
310
851
(Nb,Ti)ss
PNbsSis
109.5 0.943 6 0.955 1 222 (Nb,Ti)ss
(Nb,Ti)ss: JCPDS 35-0789, PNbsSis: JCPDS 30-0875 and CM Laves: JCPDS 47-1638
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As-cast Nb-24Ti-18Si-5Cr-5Al alloy (KZScs)
20
measured
d(Â)
measured I/Iomeasured d(Â)reference I/Ioreference hkl Phase
26.726 3.333 12 3.361 25 211 pNbsSis
28.237 3.158 11 3.172 30 310 PNbsSis
35.874 2.501 23 2.507 14 400 PNbsSi)
36.988 2.428 33 2.440 80 321 PNbsSis
38.1 2.36 12 2.365 11 330 PNbsSia
39.381 2.286 100 2.338 100 100 (N b,Tik
40.3 2.236 35 2.243 55 420 PNbsSis
41.298 2.184 32 2.193 100 411 pNbsSia
44.298 2.047 30 2.063 60 222 PNbsSis
52.4 1.745 5 1.748 6 521 pNbsSis
56.744 1.621 18 1.653 16 200 (N b,Tik
58.2 1.584 5 1.585 14 620 PNbsSia
59.7 1.548 5 1.554 13 512 PNbsSia
62.0 1.496 4 1.496 10 541 pNbsSis
64.3 1.448 5 1.444 18 323 PNbsSis
65.0 1.434 8 1.434 60 631 PNbsSis
65.8 1.418 9 1.423 14 532 PNbsSis
67.9 1.379 7 1.388 30 413 mbsS'h
71.24 1.323 16 1.350 20 211 (N b,Tik
75.8 1.254 3 1.251 2 523 PNbjSis
77.2 1.235 4 1.238 10 552 PNbsSia
78.5 1.217 5 1.216 15 820 PNbsSia
84.8 1.142 7 1.144 14 831 PNbsSig
89.2 1.097 7 1.103 14 424 PNbsSij
97.3 1.026 7 1.0461.026
4
7
310
842
(Nb,Xi)ss
PNbsSia
110 0.94 6 0.955 1 222 (Nb,Xi)ss
(Nb,Ti)ss: JCPDS 35-0789, PNbsSij: JCPDS 30-0875 and C14 Laves: JCPDS 47-1638
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As-cast Nb-24Ti-6Ta-18Si-5Cr-5Ai alloy (KZ6cs)
26
measured
d (A )
measured I/Iomeasured
d(Â)
reference Vhreference hkl Phase
25.1 3.545 9 3.546 6 220 PNbsSia
26.653 3.342 10 3.361 25 211 pNbsSij
28.216 3.16 14 3.172 30 310 PNbsSia
35.797 2.506 14 2.507 14 400 PNbsSis
36.953 2.431 39 2.440 80 321 pNbsSia
38 2.366 14 2.365 11 330 m>sSi3
39.309 2.29 100 2.338 100 100 (Nb,Ti)^
40.3 2.236 35 2.243 55 420 pNbgSi)
41.299 2.184 85 2.193 100 411 pNbsSis
44.128 2.051 11 2.063 60 222 pNbsSij
52.4 1.745 7 1.782 3 402 PNbsSia
56.639 1.624 14 1.653 16 200 (N b,T ik
58.165 1.585 15 1.581 10 213 pNbsSis
62 1.496 5 1.496 10 541 PNbsSis
64.2 1.45 5 1.453 9 442 PNbsSig
65 1.434 9 1.434 17 631 PNbsSis
65.771 1.419 11 1.418 20 710 PNbsSis
71.161 1.324 20 1.350 20 211 (Nb,Ti)«
89.189 1.097 12 1.103 14 424 PNbsSis
97.3 1.026 9 1.0461.026
4
7
310
842
(Nb,Ti)ss
PNbsSis
110 0.94 6 0.955 1 222 (Nb,Ti)ss
(Nb,Ti)ss: JCPDS 35-0789, pNbjSia: JCPDS 30-0875 and C14 Laves; JCPDS 47-1638
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As-cast Nb-24Ti-18Si-8Cr-4AI alloy (KZ2cs)
28
measured
d(A)
measured I/Iomeasured
d(A)
reference VUreference hkl Phase
26.8 3.324 10 3.361 25 211 PNbsSis28.3 3.151 9 3.172 30 310 PNbsSia35.977 2.494 21 2.507 14 400 PNbsSia37.1 2.425 22 2.440 80 321 PNbsSis37.5 2.396 16 2.387 14 112 PNbsSis39.584 2.275 100 2.338 100 110 (N b,Tik40.3 2.236 35 2.243 55 420 pNbsSia41.3 2.184 24 2.193 100 411 PNbsSis42.9 2.108 8 2.117 100 112 C14 Laves
43.5 2.079 9 2.082 65 201 C14 Laves
44.242 2.046 14 2.063 60 222 PNbjSis57.0 1.614 11 1.653 16 200 (Nb,TiL59.7 1.548 6 1.554 13 512 PNbsSis63.459 1.465 21 1.496 10 541 PNbsSis65.0 1.434 7 1.434 17 631 PNbsSis65.8 1.418 6 1.418 20 710 PNbsSis67.9 1.379 7 1.388 30 413 PNbsSig71.5 1.318 9 1.350 20 211 (N b,T ik75.4 1.260 5 1.267 8 004 PNbsSia77.2 1.235 8 1.238 10 552 PNbsSia84.9 1.141 10 1.144 14 831 pNbsSis95.4 1.041 3 1.041 2 851 PNbsSia100.4 1.003 5 1.003 2 860 pNbsSis110.1 0.940 4 0.955 1 222 (Nb,Xi)ss
(Nb,Ti)ss: JCPDS 35-0789, PNbgSig: JCPDS 30-01175 and C l4 Laves: JCPDS 47-1638
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As-cast Nb-24TI- 6Ta-18Si-8Cr-4AI alloy (KZ8p)
28
measured
d(Â)
measured I/Iomeasured
d(Â)
reference inkreference hkl Phase
26.576 3.351 11 3.361 25 211 PNbsSis28.106 3.172 11 3.172 30 310 PNbsSis35.717 2.512 14 2.507 14 400 PNbsSis36.891 2.434 40 2.440 80 321 PNbsSis39.367 2.287 100 2.338 100 110 (Nb,Ti)ss41.218 2.188 38 2.193 100 411 pNbsSis42.8 2.113 8 2.117 100 112 C14 Laves
44.022 2.055 13 2.063 60 222 PNbsSis56.77 1.62 27 1.653 16 200 (N b ,T ik
64.9 1.436 8 1.434 17 631 PNbsSig65.8 1.418 8 1.418 20 710 PNbsSia67.2 1.392 9 1.395 18 602 PNbsSis67.781 1.381 10 1.388 30 413 PNbsSis71.372 1.320 14 1.350 20 211 (N b ,T ik77.2 1.235 5 1.238 10 552 PNbsSis78.7 1.215 6 1.216 15 820 PNbsSia84.727 1.143 13 1.144 14 831 PNbsSia
97.6 1.024 9 1.0461.026
4
7
310
842 (N b ,T i) .pNbgSh109.9 0.941 6 0.955 1 222 (N b ,T ik
(Nb,Ti)ss: JCPDS 35-0789, pNbgSi]: JC PD S 30-0Î175 and C14 Laves: JCPDS 47-1638
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APPENDIX 3 
X-ray diffraction data of the heat-treated alloys
Heat-treated Nb-24Ti-I8Si alloy at 1500 "C for 100 h (1500KZ3)
20measured d(A)measured I/Iomeasured d(A)reference I/Ioreference hkl Phase
24.5 3.63 4 3.64 10 201 NbjSi
31.5 2.838 3 2.848 6 301 NbaSi
32.742 2.733 17 2.743 40 311 NbjSi
36.232 2.477 58 2.487 100 321 NbaSi
37 2.428 21 2.442 60 112 NbsSi
37.43 2.401 20 2.409 45 330 NbsSi
38.612 2.33 100 2.3382.314
100
20
110
202
(NbJi)ss
NbsSi
40.449 2.228 49 2.235 75 411 NbsSi
41.5 2.174 5 2.184 6 331 NbaSi
43.137 2.095 16 2.092 10 421 NbsSi
45 2.013 7 2.021 20 312 NbgSi
48.9 1.865 3 1.868 10 511 NbsSi
55.813 1.646 13 1.653 16 200 (N b,Tik
69.934 1.344 16 1.350 20 211 (N b,T ik
82.9 1.164 8 1.169 5 220 (N b,Tik
95.4 1.041 8 1.046 4 310 (Nb,Ti)s,
Nb: JCPDS 35-0789 and (Nb,Ti)3Si: JCPDS 22-0763
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Heat-treated Nb-24Ti-18Si-5Cr alloy at 1500 “C for 100 h (1500KZ4)
20measured
d(A)
measured I/Iomeasured d(A)reference I/Ioreference hkl Phase
25.3 3.517 2 3.660 8 112 aNbsSia
27.3 3.264 3 3.283 2 200 aNbsSia
31.532 2.835 10 2.854 25 211 aNbsSia35.95 2.496 13 2.504 25 114 aNbsSia
38.265 2.350 54 2.360 100 213 aNbsSia
39.116 2.301 100 2.3382.325
100
13
110
220 (Nbji)ssaNbsSia41.093 2.195 15 2.204 30 204 aNbsSia43.823 2.064 15 2.077 40 310 aNbsSia45.8 1.980 7 1.982 16 006 aNbsSia56.454 1.629 13 1.653 16 200 (Nb,Tik
58.8 1.569 4 1.549 4 330 aNbsSia
63.305 1.468 13 1.470 20 217 aNbsSia65.29 1.428 10 1.438 9 404 aNbsSia68.7 1.365 5 1.373 13 334 aNbsSia
71.0 1.326 9 1.350 20 211 ( N b J iL76.2 1.248 2 1.251 2 228 aNbsSia78.8 1.214 2 1.214 2 521 aNbsSia83.5 1.157 7 1.169 5 220 (Nb,Tik97.115 1.028 12 1.046 4 310 (Nb,Tik107.9 0.953 3 0.955 1 222 (NbJiL
(Nb,Ti)ss-. JCPDS 35-0789 and aNbsSia*. JCPDS 30-0874
2 0 0
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Heat-treated Nb-24Ti-18Si-5Al alloy at 1500 "C for 100 h (1500KZ7)
20
measured
d(A)
measured l/lomeasured d(A)reference I/Ioreference hkl Phase
31.317 2.854 11 2.854 25 211 aNbsSia
35.9 2.499 7 2.504 25 114 aNbsSia
38.68 2.326 100 2.3382.325
100
13
110
220
(N bJiX ,
aNbsSia
40.9 2.205 9 2.204 30 204 aNbsSia
43.563 2.076 14 2.077 40 310 aNbsSia
45.8 1.98 6 1.982 16 006 aNbsSia
55.931 1.643 15 1.653 16 200 (Nb,Ti)ss
58.4 1.579 3 1.579 8 411 aNbsSia
59.8 1.545 4 1.549 4 330 aNbsSia
62.9 1.476 5 1.478 16 413 aNbsSia
65.1 1.432 4 1.434 17 316 aNbsSia
68.3 1.372 5 1.373 13 334 aNbsSia
70.175 1.34 20 1.35 20 211 (Nb,TiL
(Nb,Ti)ss: JCPDS 35-0789 and aNbsSij: JCPDS 30-0J(74
2 0 1
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Heat-treated Nb-24Ti-18Si-5Cr-5Al alloy at 1500 "C for 100 h (1500KZ5)
20
measured
d (A )
measured I/Iomeasured
d ( A )
reference I/Ioreference hkl Phase
26.6 3.348 5 3.361 25 211 PNbsSia
28.1 3.173 5 3.172 30 310 PNbsSia
31.377 2.849 10 2.854 25 211 aNbsSia
35.758 2.509 13 2.5042.507
25
14
114
400
aNbsSia
PNbsSia
36.873 2.436 17 2.440 80 321 PNbsSia
38.148 2.357 37 2.3602.365
100
11
213
330
aNbsSia
PNbsSia
39.139 2.300 100 2.338 100 110 (Nb,TiL
41.132 2.193 21 2.193 100 411 PNbsSia
43.7 2.07 12 2.077 40 310 aNbsSia
44.146 2.05 12 2.063 60 222 PNbsSia
45.9 1.975 4 1.982 16 006 aNbsSia
52.3 1.748 2 1.748 6 521 PNbsSia
56.512 1.627 14 1.653 16 200 (Nb,Ti)«
58.2 1.584 3 1.585 14 620 PNbsSia
59.2 1.559 2 1.579 8 411 aNbsSia
59.8 1.545 3 1.549 4 330 aNbsSia
62.0 1.496 3 1.496 10 541 PNbsSia
63.1 1.472 4 1.478 16 413 aNbsSia
65.0 1.434 7 1.434 60 631 PNbsSia
65.8 1.418 7 1.423 14 532 PNbsSia
67.3 1.390 5 1.395 18 602 PNbsSia
67.9 1.379 6 1.388 30 413 PNbsSia
71.012 1.326 13 1.350 20 211 (N b,Tik
76.5 1.244 2 1.245 2 651 PNbsSia
78.6 1.216 5 1.216 15 820 PNbsSia
84.4 1.147 7 1.144 14 831 PNbsSia
97.5 1.025 11 1.0261.046
7
4
842
310
PNbsSia
(Nb,Tik
110.1 0.940 4 0.955 1 222 (Nb,Tiks
Nb: JCPDS 35-0789, PNbsSia: JCPDS 30-0875 and aNbsSia: JCPDS 30-0874
2 0 2
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Twice heat-treated Nb-24Ti-18Si-5Cr-5Al alloy at 1500 “C for 100 h
20
measured
d ( A )
measured I/I«measured
d ( A )
reference I/Ioreference hkl Phase
31.392 2.847 18 2.854 25 211 aNbsSia
35.9 2.499 12 2.504 25 114 aNbsSia
38.2 2.354 55 2.360 100 213 aNbsSia
39.187 2.297 100 2.338 100 110 (Nb,Xik
41.02 2.198 21 2.193 100 411 PNbsSia
43.703 2.07 21 2.077 40 310 aNbsSia
45.7 1.984 8 1.982 16 006 aNbsSia
56.601 1.625 14 1.653 16 200 (Nb,Xi)ss
58.6 1.574 4 1.579 8 411 aNbsSia
63.1 1.472 10 1.478 16 413 aNbsSia
65.1 1.432 7 1.434 17 631 PNbsSia
68.5 1.369 7 1.373 13 334 aNbsSia
71.183 1.324 22 1.350 20 211 (N bJi)ss
78.6 1.216 4 1.216 15 820 PNbsSia
79.5 1.205 4 1.208 1 741 PNbsSia
81.8 1.176 4 1.177 5 314 PNbsSia
84.5 1.146 7 1.149 4 543 PNbsSia
97.7 1.023 11 1.0261.046
7
4
842
310
PNbsSia
(Nb,Xi)«
102.4 0.988 4 0.998 3 941 PNbsSia
107.6 0.955 2 0.955 1 222 (Nb,Xik
111 0.935 4 1.245 2 651 pNbsSia
Nb: JCPDS 35-0789, PNbsSia: JCPDS 30-0875 and aNbsSia: JCPDS 30-0874
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Heat-treated Nb-24Ti-6Ta-18Si-5Cr-5Al alloy at 1500 "C for 100 h (1500KZ6)
20
measured
d(A)
measured I/Iomeasured
d(A)
reference I/Ioreference hkl Phase
24.3 3.66 7 3.660 8 112 aNbsSia
27.2 3.276 7 3.283 2 200 aNbsSia
31.443 2.843 22 2.854 25 211 aNbsSia
35.895 2.5 15 2.5042.507
25
14
114
400
aNbsSia
PNbsSia
36.9 2.434 9 2.444 80 321 PNbsSia
38.239 2.352 81 2.360 100 213 aNbsSia
39.132 2.3 100 2.338 100 110 (Nb,TiL
41.056 2.197 31 2.193 100 411 PNbsSia43.762 2.067 36 2.063 60 222 PNbsSia
45.8 1.98 11 1.982 16 006 aNbsSia
56.556 1.626 28 1.653 16 200 (Nb,Ti)ss
58.7 1.572 7 1.579 8 411 aNbsSia
60.0 1.541 7 1.549 4 330 aNbsSia
63.2 1.47 13 1.478 16 413 aNbsSia
65.2 1.43 10 1.4341.434
17
17
316
631
aNbsSia
PNbsSia
65.9 1.416 5 1.418 20 710 PNbsSia
68.615 1.367 12 1.373 13 334 aNbsSia
71.073 1.325 18 1.350 20 211 (N b,Tik
78.7 1.215 6 1.216 15 820 PNbsSia
79.5 1.205 6 1.208 1 741 PNbsSia
81.8 1.176 7 1.177 5 314 PNbsSia
97.5 1.025 11 1.0261.046
7
4
842
310
PNbsSia
(N b,Tik
99.1 1.012 5 1.013 3 770 PNbsSia
102.5 0.988 6 0.998 3 941 PNbsSia
Nb: JCPDS 35-0789, PNbgSia: JCPDS 30-0875 and aNbjSia: JCPDS 30-0874
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Twice heat-treated Nb-24Ti-6Ta-18Si-5Cr-5Al alloy at 1500 “C for 100 h
20
measured
d (A )
measured measured
d (A )
reference I/Ioreference hkl Phase
24.4 3.645 8 3.660 8 112 aNbsSia27.3 3.264 8 3.283 2 200 aNbsSia31.511 2.837 23 2.854 25 211 aNbsSia
35.956 2.496 18 2.5042.507
25
14
114
400 aNbsSiaPNbsSia38.273 2.35 2.360 100 213 aNbsSia39.192 2.297 100 2.338 100 110 (N b,Tik41.064 2.196 20 2.193 100 411 PNbsSia
43.783 2.066 29 2.063 60 222 PNbsSia45.806 1.979 14 1.982 16 006 aNbsSia56.57 1.626 25 1.653 16 200 (N b,T ik58.7 1.572 6 1.579 8 411 aNbsSia
60.1 1.549 4 330 aNbsSia63.2 1.47 13 1.478 16 413 aNbsSia
65.2 1.43 10 1.434 17 316 aNbsSia1.434 17 631 PNbsSia68.6 1.367 12 1.373 13 334 aNbsSia71.1 1.325 19 1.350 20 211 (Nb,TiL78.6 1.216 4 1.216 15 820 PNbsSia79.5 1.205 6 1.208 1 741 PNbsSia81.9 1.175 5 1.177 5 314 PNbsSia
83.4 1.158 9 1.1691.158
5
8
220
411 (NbJi)ssaNbsSia84.4 1.147 7 1.144 14 831 PNbsSia
97 1.028 8 1.0261.046
7
4
842
310 PNbsSia(N b,Tik99.2 1.013 3 770 PNbsSia102.6 0.987 5 0.998 3 941 PNbsSia
Nb: JCPDS 35-0789, PNbsSia: JCPDS 30-0875 and aNbsSia: JCPDS 30-0874
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H eat-treated  N b -24T i-18S i-8C r-4A I a t 1500 "C for 100 h (1500K Z 2)
20
measured
d (Â )
measured
V h
measured
d (A )
reference
I/I„
reference hkl Phase
24.3 3.66 7 3.66 8 112 aNbsSia
27.1 3.288 5 3.283 2 200 aNbsSia
31.313 2.854 19 2.854 25 211 aNbsSia
35.832 2.504 20 2.504 25 114 aNbsSia
38.13 2.358 69 2.360 100 213 aNbsSia
39.054 2.305 100 2.338 100 110 (Nb,Xi)ss
40.953 2.202 22 2.204 30 204 aNbsSia
42.8 2.111 10 2.117 100 112 C14 Laves
43.613 2.074 28 2.077 40 310 aNbsSia
45.7 1.984 7 1.982 16 006 aNbsSia
49.3 1.847 3 1.848 1 215 aNbsSia
50.8 1.796 2 1.782 3 402 PNbsSia
54.1 1.694 7 1.696 1 206 aNbsSia
56.1 1.638 4 1.653 16 200 (Nb,XiL
58.5 1.576 4 1.579 8 411 aNbsSia
59.9 1.543 5 1.549 4 330 aNbsSia
63.115 1.472 16 1.478 16 413 aNbsSia
65.109 1.431 15 1.4341.434
17
17
316
631
aNbsSia
PNbsSia
68.5 1.369 9 1.373 13 334 aNbsSia
71.006 1.326 27 1.350 20 211 (Nb,Xi)s.
75.3 1.261 10 1.2651.267
2
8
406
004
aNbsSia
PNbsSia
77.2 1.235 4 1.234 10 552 PNbsSia
78.5 1.217 4 1.220 4 336 aNbsSia
79.4 1.206 3 1.208 1 741 PNbsSia
81.7 1.178 6 1.177 5 314 PNbsSia
83.259 1.160 30 1.168 6 732 PNbsSia
84.364 1.147 11 1.144 14 831 PNbsSia
89.8 1.091 4 1.092 16 313 aNbsSia
96.6 1.032 7 1.046 4 310 (Nb,Xi)ss
102.4 0.988 9 0.998 3 941 PNbsSia
107.4 0.956 5 0.955 1 222 (NbJi)ss
Nb: JCPDS 35-0789, pNbgSia: JCPDS 30-0875, aNbsSia: JCPDS 30-0874, and 
C14 Laves: JCPDS 47-1638
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H eat-treated  N b -24T i-18S i-8C r-4A l a lloy  a t 1400 “C fo r  100 h (1400K Z 2)
20
measured
d (A)
measured
I/Io
measured
d (A )
reference
Mo
reference hkl Phase
31.358 2.85 21 2.854 25 211 aNbsSia
35.916 2.498 19 2.5042.488
25
52
114
110
aNbsSia 
C14 Laves
38.22 2.353 83 2.360 100 213 aNbsSia
39.057 2.304 100 2.338 100 110 (Nb,Ti)ss
41.02 2.198 29 2.204 30 204 aNbsSia
42.8 2.111 16 2.117 100 112 C14 Laves
43.701 2.07 43 2.077 40 310 aNbsSia
45.703 1.983 17 1.982 16 006 aNbsSia
56.492 1.628 16 1.653 16 200 (Nb,Ti)ss
58.6 1.574 7 1.579 8 411 aNbsSia
63.176 1.471 19 1.478 16 413 aNbsSia
65.175 1.43 13 1.4341.434
17
17
316
631
aNbsSia
PNbsSia
68.5 1.369 12 1.373 13 334 aNbsSia
71.155 1.324 30 1.350 20 211 (Nb,Ti)«
78.6 1.216 6 1.216 15 820 PNbsSia
79.6 1.203 6 1.208 1 741 PNbsSia
81.7 1.178 5 1.177 5 314 PNbsSia
83.3 1.159 16 1.1691.158
5
8
220
411
(Nb,Ti)ss
aNbsSia
84.4 1.147 5 1.149 4 542 PNbsSia
99 1.013 6 1.013 3 770 PNbsSia
102.5 0.988 6 0.998 3 941 PNbsSia
107.6 0.955 6 0.955 1 222 (Nb,Ti)ss
Nb; JCPDS 35-0789, PNbsSia: JCPDS 30-0875, aNbsSia: JCPDS 30-0874 and 
C14 Laves: JCPDS 47-1638
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H eat-treated  N b -24T i-6T a-18S i-8C r-4A I a lloy  a t 1500 "C fo r  100 h (1500K Z 8)
20
measured
d (A )
measured
M„
measured
d (A )
reference
I/Io
reference hkl Phase
24.4 3.645 7 3.660 8 112 aNbsSia
27.4 3.252 8 3.283 2 200 aNbsSia
31.505 2.837 15 2.854 25 211 aNbsSia
36 2.493 14 2.504 25 114 aNbsSia
36.859 2.437 17 2.440 80 321 PNbsSia
38.307 2.348 58 2.360 100 213 aNbsSia
39.168 2.298 100 2.338 100 110 (Nb,Ti).
41.112 2.194 26 2.193 100 411 PNbsSia
42.9 2.106 13 2.117 100 112 C 14 Laves
43.852 2.063 27 2.063 60 222 PNbsSia
45.7 1.984 6 1.982 16 006 aNbsSia
54.2 1.691 7 1.696 1 206 aNbsSia
56.535 1.626 22 1.653 16 200 (Nb,Ti)ss
58.8 1.569 8 1.579 8 411 aNbsSia
63.225 1.47 17 1.478 16 413 aNbsSia
65.245 1.429 11 1.4341.434
17
17
316
631
aNbsSia
PNbsSia
68.626 1.366 12 1.373 13 334 aNbsSia
71 1.326 7 1.350 20 211 (Nb,TiL
78.7 1.215 9 1.220 4 336 aNbsSia
79.4 1.206 8 1.208 1 741 PNbsSia
81.9 1.175 7 1.177 5 314 aNbsSia
83.4 1.158 9 1.1691.158
5
8
220
411
(Nb,Xi)ss
aNbsSia
86.9 1.12 6 1.124 7 802 PNbsSia
96.6 1.032 6 1.046 4 310 (Nb,Xi)^
97.2 1.027 11 1.026 7 842 PNbsSia
99.0 1.013 8 1.013 3 770 PNbsSia
102.5 0.988 6 0.998 3 941 PNbsSia
Nb: JCPDS 35-0789, PNbsSia: JCPDS 30-0875,, aN 
JCPDS 47-1638
bsSia: JCPDS 30-0874 and C14 Laves:
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H eat-treated  N b -24T i-6T a-18S i-8C r-4A l a lloy  a t 1400 C fo r  100 b (1400K Z 8)
20
measured
d (A )
measured
I/Io
measured
d (A )
reference
I/Io
reference hkl Phase
29.499 3.026 23
31.57 2.832 26 2.854 25 211 aNbsSia
36.077 2.488 21 2.5042.488
25
52
114
110
aNbsSia 
C l4 Laves
38.41 2.342 96 2.360 100 213 aNbsSia
39.269 2.292 100 2.338 100 110 (Nb,Ti)ss
41.201 2.189 27 2.193 100 411 PNbsSia
42.982 2.103 21 2.117 100 112 C14 Laves
43.896 2.061 38 2.063 60 222 PNbsSia
45.9 1.975 12 1.982 16 006 aNbsSia
54.3 1.688 6 1.696 1 206 aNbsSia
56.648 1.624 25 1.653 16 200 (Nb,Ti)ss
58.9 1.567 8 1.579 8 411 aNbsSia
60.2 1.536 7 1.549 4 330 aNbsSia
63.339 1.467 16 1.470 20 217 aNbsSia
65.341 1.427 12 1.423 14 532 PNbsSia
67.6 1.385 6 1.393 33 213 C14 Laves
68.732 1.365 13 1.373 13 334 aNbsSia
71.139 1.324 19 1.350 20 211 (Nb,Ti)ss
73.4 1.289 5 1.291 26 205 C14 Laves
78.8 1.214 6 1.214 2 521 aNbsSia
79.5 1.205 7 1.208 1 741 PNbsSia
83.4 1.158 11 1.1691.158
5
8
220
411
(Nb,Ti)ss
aNbsSia
90.4 1.085 6 1.085 <1 525 aNbsSia
102.6 0.987 7 0.998 3 941 PNbsSia
107.8 0.953 6 0.955 1 222 (Nb,Tik
Nb: JCPDS 35-0789, PNbsSia: JCPDS 30-0875 and C14 Laves: JCPDS 1^7-1638
209
APPENDICEIS KONSTANTINOS ZELENITSAS
A P P E N D IX  4
X -ray  d iffraction  d ata  o f  th e h o ld er fo r  th e as-cast and h eat-treated  specim en
20
measured
d (A )
measured
I/Io
measured
23.3 3.815 14
25.5 3.49 9
29.651 3.01 100
31.6 2.829 10
36.2 2.479 13
39.688 2.269 18
43.464 2.08 15
47.746 1.903 22
48.6 1.865 18
56.8 1.62 5
57.6 1.599 8
61.1 1.515 6
63.3 1.468 3
64.9 1.436 6
65.9 1.416 5
69.5 1.351 3
70.5 1.335 3
73.2 1.292 4
77.5 1.231 3
81.8 1.176 3
84.0 1.151 5
85.1 1.139 3
93.2 1.06 2
95.2 1.043 5
96.5 1.032 3
99.4 1.01 4
106.3 0.963 3
2 1 0
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A P P E N D IX  5  
J C P D S  cards fo r  th e  oxides
,32-0711 Quality: 0
CAS Number:
iMolecular W eight: 265.81  
!Volume[CD]:
;Dx:____________ Dm:________
iSys:
S.G.:
'Cell Parameters: 
a  b
a B
iSS/FOM : F = 
!l/lcor:
Rad: CuKa 
Lam bda: 1 .5 4 1 8  
Filter:
d-sp: Guinier
N b2 0 5  
Niobium Oxide
Ref: RitscheL M. e t al., Krist. T ech ., 1 3 ,1 4 2 1  [19781
It(0
1 .3
d(A) Int^ h  k 1 d(A) Int-f h k  1 d(A] Int-f
4 .8 7 0 0 3 0 2 .0 6 0 0 80 1 .4 5 0 0 1 0
3 .7 5 0 0 1 0 0 1 .9 1 0 0 80 1 .3 9 0 0 8 0
3 .5 7 0 0 1 0 0 1 .7 8 0 0 60 1 .3 0 0 0 60
3 .3 7 0 0 10 1 .7 0 0 0 30 1 .2 7 0 0 6 0
2 .7 9 0 0 80 1 .6 8 0 0 80 1 .2 2 0 0 60
2 .5 1 0 0 30 1 .5 8 0 0 60 1 .1 7 0 0 10
2 .3 2 0 0 GO 1 .5 2 0 0 10 1 .1 6 0 0 10
d[A)
h k I
109-0229 Quality 3 N b 2 0 5  T i0 2
Niobium Titanium Oxide
Ref: Roth. Couqhanor, J. R es. Natl. Bur. Stand. fU .S .l 5 5 ,2 09119551
I CAS Number:
jMolecular Weight: 877 .33
Vo!ume[CD]:
iDx: Dm: 4
4 1 1 1 ll 1ll llllilll 1 1 l id  ll II
Q
s
1 1 T
Sys:
S.G.:
Cell Parameters: 
a b c  
K B 7 
iSSÆOM: F = [ ,  1 5.9 3 .0  2 .0  1 .5  1 .3  1.1 d(A)
'l/lcor:
iRad: CuKa d(A) Int-f h k 1 d[A) nl-f h k 1 d(A1 int-f h k 1
i Lambda: 1 .542 14 .200 16 2 .6200 10 1 .6820  16Filter: Ni 9 .6000 30 2 .5800 10 1 .6770  30d-sp: 7 .2000 20 2 .5600 10 1 .6630  25
5 .1300 45 2 .4700 12 1 .5740  20
4.7500 70 2 .3800 25 1 .5510  10
3.7500 70 2 .3000 20 1 .4480  10
3.7100 40 2 .0900 5 1 .3980  10
3 .5700 100 2 .0 5 3 0 30 1 .3940  10
3.4200 80 2 .0390 100 1 .2980  35
3 .3300 20 1 .9070 30 1 .1350  20
2.8500 30 1 .7850 2 0 1 .0510  12
2 .7800 50 1 .7520 12
2 .6800 12 1 .6970 1 2
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113-0316 Quality I
I  CAS Number:
iMolecular Weight: 1488.85  
iVolumelCD]: 2224.16  
iPx: 4 .450 Dm: 4.400
jSys: Orthorhombic 
j Lattice: End-centered 
]S.G.: Amma(63)
Cell Parameters:
la  28 .50  b 3 .805 c  20.51
T t2 N b 1 0 0 2 9
Titanium Niobium Oxide
Ref: W ad sley  Acta Crystallogr., 1 4 .6 6 4  f19611
{SS/FOM :F30=10(0 .031 ,92) 8 .8 4.4 3.0 2.3 d(A)
jl/lcor:
IRad: CuKal d(A) Int-f h k 1 d(A) Int-f h k 1 d(A) Int-f h k 1
f Lambda: 1 .5405  
(Filter: 10.300 10 0 0 2 3.3900 30 1 0 6 2.5700 30 7 1 39 .6200 40 1 0 2 3.3200 40 2 0 6 2.5500 10 1 0 8I d-sp: Guinier 7.1300 30 4 0 0 3.2200 10 3 0 6 2.5100 20 11 0 2
j 5 .1300 40 0 0 4 3.1900 10 7 0 4 2.4700 40 8 0 6
5.0400 30 1 0 4 3.1300 10 5 1 1 2.4300 10 8 1 3
4.7500 40 6 0 0 2.9200 20 8 0 4 2.3700 10 12 0 0
! 3.7400 80 0 1 1 2.8500 20 10 0 0 2 .3000 40 7 1 5
3.7100 80 1 1 1 2 .7800 60 1 1 5 2.0900 10 9 1 5
3 .5600 100 8 0 0 2 .7500 40 10 0 2 2 .0500 40 0 0 1 0;■ 3.4800 20 3 1 1 2 .6700 20 3 1 5 2 .0400 40 11 1 31 3 .4200 80 0 0 6 2 6 2 0 0 40 7 0 6 1.9000 80 11 1 5
77-1374 Quality C
CAS Number:
Molecular Weight: 345.71 
VolumefCDl: 794.45 
Dx: 4.336 Dm:
Sys: Monoclinic 
Lattice: End-centered 
S.G.:C2/m(12J 
Cell Parameters: 
a 20.35 b 3.801 c  11.E 
g S 120.19 7
I/I cor: 1.9B 
Rad: CuKal 
Lambda: 1.54060 
Filter
d-sp: calculated
ICSDtt:0481G9
TiNb2G7
Titanium Niobium Oxide
Ref: Calculated from ICSD using P0WD-12++, (1997) 
Ref: Gasperin, M..J. Solid State Chem.. 53 .144 (19841
I Î
5.9 r 2.0 IT T d{A)
d(A) Int-f h k 1 d(A) Int-f h k 1 d(A) Int-f h k 1
10.270 561 0 0 1 2.5344 53 8 0 2 1.8652 9 2 0 69.4182 64 2 0 1 2.5060 144 6 0 1 1.8652 9 2 2 1
8.7953 119 2 0 0 2.4280 21 3 1 2 1.8576 6 2 2 0
5.9150 3 1. 0 2 2.4127 11 8 0 1 1.8576 6 9 1 1
5.4602 17 2 0 1 2.3940 19 1 1 3 1.8491 50 4 0 45.1351 683 0 0 2 2.3743 13 4 0 5 1.8200 16 8 0 3
5.0688 335 4 0 1 2.3545 7 8 0 4 1.8089 10 2 24.7091 29 4 0 2 2.3364 2 3 1 4 1.8089 10 2 0 5
4.3976 26 4 0 0 2.3104 152 5 1 1 1.7948 2 2 2 1
3.9268 1 2 0 3 2.3104 152 7 1 2 1.7823 41 0 2 2
3.7152 999 1 1 0 2.2920 64 5 1 4 1.7795 37 2 13.6188 137 1 1 1 2.2688 4 2 0 5 1.7795 37 3 1 43.4615 69 4 0 1 2.2588 4 7 1 3 1.7747 37 9 1 53.4234 754 0 0 3 2.2468 1 7 1 1 1.7709 16 5 1 33.3813 856 6 0 2 2.2257 15 Ï 1 4 1.7590 60 10 0 0
3.3813 856 1 1 1 2.2149 12 4 0 3 1.7560 33 5 1 6
3.3135 231 3 1 1 2.1988 5 8 0 0 1.7445 5 4 2 0
3.2893 68 6 0 1 2.1866 3 2 0 4 1.7395 21 10 0 63.1744 31 Ï 1 2 2.1263 9 6 0 2 1.7395 21 9 1 0
3.1394 95 6 0 3 2.1263 9 8 0 5 1.7275 18 7 1 63.1185 23 ■3 1 2 2.0962 3 7 1 0 1.7218 42 1 1 5
2.9575 5 4 0 4 2.0540 275 0 0 5 1.7165 43 0 1 62.9317 6 6 0 0 2.0349 187 TO 0 3 1.7117 25 0 0 6
2.8688 128 1 1 2 2.0086 5 5 1 5 1.7117 25 2 2 3
2.8343 4 3 1 1 1.9913 4 3 1 5 1.7064 8 7 1 2
2.7560 314 2 0 3 1.9913 4 10 0 4 1.6974 103 6 0 72.7560 314 5 1 1 1.9717 6 6 0 6 1.6974 103 4 2 3
2.7496 341 5 1 2 1.9579 6 8 0 1 1.6906 34 12 0 42.7366 111 3 1 3 1.9389 2 9 1 3 1.6906 34 12 0 3
2.7274 220 4 0 2 1.9254 39 7 1 5 1.6623 298 11 1 3
2.7274 220 1 0 4 1.9005 308 0 2 0 1.6623 296 0 2 32.6624 377 1 1 3 1.9005 308 10 0 1 1.6567 220 6 2 22.5819 62 5 1 0 1.8843 49 Ï 1 5 1.6476 16 12 0 5
2.5675 66 0 0 4 1.8843 49 10 0 5 1.6455 18 6 2 1
2.5675 66 5 1 3 1.8687 11 0 2 1 1.6455 16 12 0 2
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134-0366 Quality "
CAS Number;
I Molecular Weight: 208.90 
|Volume[CD]: 64.98
IDk: 5.338 Dm:______
iSys: Tetragonal 
j Lattice: Primitive 
(S.G.: P42/mnm (136)
I Cell Parameters:
(a 4.644 b c 3.012 
JL
Cr Nb 04
Chromium Niobium Oxide
Ref: Natl. Bur. Stand. (U.S.) Monoqr. 25,19,38 (1982)
CO m
î !l i .  ^
CO II I I I 1 l i
jSS/FOM: F28=57(.013G,36) 4.4 2.3 1.5 1.2 1.0 0.9 d(Â)
l/lcor: d(A)iRad: CuKal Int-f h k 1 d(A) Int-f h k 1 d(A) Int-f h k i
1 Lambda: 1.540598 
(Filter: 3.2830 100 1 1 0 1.3772 17 3 0 1 1.0516 8 3 1 22.5280 65 1 0 1 1.3696 12 1 1 2 1.0384 3 4 2 0|d-sp: diffractometer 2.3220 15 2 0 0 1.3204 1 3 1 1 .98160 2 4 2 12.2200 11 1 1 1 1.2638 3 2 0 2 .98160 2 1 0 32.0770 4 2 1 0 1.2190 1 2 1 2 .92890 1 4 3 01.7102 62 2 1 1 1.1845 6 3 2 1 .91080 <1 5 1 01.6421 18 2 2 0 1.1614 2 4 0 0 .90390 3 2 1 3
î 1.5066 7 0 0 2 1.1100 6 2 2 2 .88750 4 4 3 1\ 1.4690 13 3 1 0 1.0945 3 3 3 0 .88540 4 3 3 2
l 1.4419 <1 2 2 1 1.0551 7 4 1 1
126-0030 (Deleted)
I  CAS Number:
iMolecular Weight: 183.89 
|Volume[CD]: 392.05 
iDx: 4.673 Dm: 4.500
fSys: Orthorhombic
)S.G.:
iCell Parameters: 
j a 6.17 b 7.38 
10 6
c 8.61
ISS/FOM: F30=7(0.062,68) 
|l/lcor:I Rad: CuI Lambda: 1.54056 
I Filter: Ni 
I d-sp:
AINb04
Aluminum Niobium Oxide
Ref: Burdese, Boilera, Ric. Sci., 3,1023 (19631
(A g
î i
M
5.9 3.0 2.0 1.5
d(A) Int-f h k 1 d(A) Int-f h k 1 d(A) Int-f h k 1
8.8600 1 0 0 1 2.5140 16 2 0 2 1.7670 8 1 4 07.3700 3 0 1 0 2.4480 18 1 1 3 1.7550 5 2 3 26.1500 25 1 0 0 2.3610 7 0 3 1 1.7360 5 1 4 15.7000 12 0 1 1 2.2790 12 2 2 1 1.6960 6 0 4 2
5.0400 35 1 0 1 2.2160 12 1 3 1 1.6790 6 0 1 5
4.3300 5 0 0 2 2.1530 7 0 0 4 1.6700 7 3 0 34.1600 3 1 1 1 2.0560 18 3 0 0 1.5970 18 2 3 33.6900 30 0 2 0 2.0180 25 1 3 2 1.5670 40 1 3 43.5300 100 1 0 2 1.9600 12 1 1 4 1.4870 10 3 0 4
3.0900 55 2 0 0 1.9230 5 2 3 0 1.4840 9 2 4 2
2.9760 30 1 2 1 1.8760 4 2 3 1 1.4580 8 3 1 4
2.8750 20 0 0 3 1.8570 20 3 0 2 1.4510 5 4 0 22.6730 40 0 1 3 1.8260 12 2 2 3 1.4220 10 4 2 0
d(Â)
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APPENDIX 6 
X-Ray diffraction data of the oxide layers
TG800-KZ3 (Nb-24Ti-18Si)
26
measured
d (A )
measured
I/Io
measured
d (A )
reference
I/Io
reference Phase
3.750 100 Nb20s
23.863 3.726 100 3.750 70 3Nb20;Ti023.740 80 5Nb205-2Ti02
3.715 100 Nb205-Ti02
3.420 80 3Nb20sTi02
26 3.424 84 3.420 80 5Nb205-2Ti02
3.423 75 Nb205-Ti02
2.790 80 Nb20s
32.246 2.774 73 2.780 50 3Nb205-Ti022.780 60 5Nb205'2Ti02
2.756 31 Nb205-Ti02
2.680 12 3Nb205-Ti02
33.4 2.681 50 2.670 20 5Nb205-2Ti02
2.662 38 Nb205-Ti02
2.470 12 3Nb20sTi02
36.687 2.448 55 2.470 40 5Nb205’2Ti02
2.428 2 Nb205-Ti02
2.300 20 3Nb205-Ti02
39.073 2.303 43 2.300 40 5Nb205-2Ti02
2.292 6 Nb205-Ti02
2.039 100 3Nb205*Ti02
44.239 2.046 59 2.050 40 5Nb205-2Ti02
2.035 19 Nb205'Ti02
1.907 30 3Nb205-Ti02
47.745 1.903 50 1.900 80 5Nb205-2Ti02
1.901 3 Nb20g TÎ02
1.780 60 Nb20s
50.8 1.796 32 1.785 20 3Nb20sTi02
1.782 4 Nb205-Ti02
1.680 80 Nb205
55.1 1.665 47 1.663 25 3Nb205*Ti02
1.662 30 NbiOsTiO:
1.580 60 Nb20s
58.911 1.566 29 1.574 20 3Nb205-Ti02
1.565 6 Nb20sTi02
1.450 10 Nb20;
63.8 1.458 20 1.448 10 3Nb205-Ti02
1.455 3 Nb20sTi02
67.097 1.394 26 1.394 10 3Nb20sTi021.395 9 Nb20g T1O2
NbzOs: JCP]DS 32-0711, 3Nb20s*Ti02: JCPDS 09-0229, 5Nb205-2Ti02: JCPDS 13-
0316, 5Nb205-2Ti02,Nb205-Ti02: JCPDS 77-1374.
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TG800-1500KZ7 (Nb-24Ti-18Si-5AI)
20
measured
d (A )
measured I/Iomeasured
d (A )
reference Moreference Phase
23.941 3.714 83 3.7153.71
100
80
NbzOgTlO]
5Nb205-2Ti02
25.5 3.49 71
3.53
3.48
3.462
100
20
7
AlNb04
5Nb205-2Ti02
NbîOs-TiOj
26.1 3.411 77 3.4233.42
75
80
Nb20g T1O2 
5Nb205-2Ti02
28.8 3.097 71 3.09 55 AlNb04
30 2.976 65 2.976 30 AlNb04
32.3 2.769 73
2.780
2.780 
2.756
50
60
31
3Nb205-Ti02
5Nb205*2Ti02
Nb205'Ti02
33.3 2.688 55 2.6622.67
38
20
Nb205-Ti02
5Nb205-2Ti02
44.27 2.044 52 2.0392.040
100
40
3Nb205'Ti02
5Nb205-2Ti02
47.82 1.901 42 1.900 80 5Nb205-2Ti02
51.3 1.779 27 1.7751.767
4
8
Nb205-Ti02
AlNb04
54.7 1.677 43 1.680 80 Nb20s
58.8 1.569 24 1.567 40 AlNb04
62.7 1.481 18 1.487 10 AlNb04
64.3 1.448 19 1.448 10 3Nb205-Ti02
67.1 1.394 21 1.3951.394
9
10
Nb205-Ti02
3Nb205*Ti02
69 1.36 17 1.37 10 AlNb04
NbzOg: JCPDS 32-0711, 3Nb205*Ti02: J 
0316, Nb205'Ti02: JCPDS 77-1374, Alf
fCPDS 09-0229, 5Nb205*2Ti02: JCPDS 13- 
4b04: JCPDS 26-0030.
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TG800-1500KZ4 (Nb-24Ti-18Si-5Cr)
26
measured
d (Â) 
measured I/Iomeasured
d (A )
reference I/Ioreference Phase
23.779 3.739 76
3.750
3.750 
3.740 
3.715
100
70
80
100
Nb20s
3Nb205-Ti02
5Nb20;2Ti02
Nb205-Ti02
24.958 3.565 70
3.570
3.570 
3.560
100
100
100
Nb20s
3Nb205-Ti02
5Nb205*2Ti02
26 3.424 66
3.420
3.420 
3.423
80
80
75
3Nb205-Ti02
5Nb205-2Ti02
Nb205-Ti02
31.5 2.838 47 2.8502.850
30
20
3Nb205-Ti02
5Nb205-2Ti02
32.122 2.784 63
2.790
2.780
2.780
80
50
60
Nb20s
3Nb205-Ti02
5Nb205-2Ti02
33.3 2.688 45 2.6802.670
12
20
3Nb20sTi02
5Nb20;2Ti02
35.661 2.516 65 2.5282.510
65
20
CrNb04
5Nb205-2Ti02
38.914 2.312 38 2.3002.300
20
40
3Nb20sTi02
5Nb205*2Ti02
40.813 2.209 34 2.222.215
11
1
CrNb04
Nb205-Ti02
44.153 2.049 43 2.0542.050
28
40
Nb20sTi02
5Nb205-2Ti02
47.655 1.907 36
1.907
1.900
1.901
30
80
3
3Nb205-Ti02
5Nb205-2Ti02
Nb205-Ti02
51.1 1.786 24
1.780
1.785
1.782
60
20
4
Nb20s
3Nb205-Ti02
Nb205-Ti02
53.762 1.704 53
1.710
1.700
1.697
62
30
10
CrNb04
Nb20s
Nb205-Ti02
54.6 1.679 36
1.680
1.663
1.662
80
25
30
Nb20s
3Nb205-Ti02
Nb20yTi02
58.6 1.574 23 1.5801.578
60
2
Nb20s
Nb205*Ti02
61.9 1.498 18 1.4971.507
3
7
Nb20sTi02
CrNb04
63.5 1.464 17 1.4691.469
13
2
CrNb04
Nb205*Ti02
66.992 1.396 18
1.390
1.394
1.395
80
10
9
Nb20s
3Nb205-Ti02
Nb20yTi02
68.3 1.372 19 1.3701.372
12
<1
CrNb04
Nb205-Ti02
83.9 1.152 14 1.1601.135
10
20
Nb20s
3Nb20sTi02
2 1 6
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88.5 1.104 14 1.110 6 CrNb04
94.4 1.05 13 1.05 12 3Nb20;T:02
NbzOg: JCPDS 32-0711, 3Nb205-Ti02: JCPDS 09-0229, 5Nb205*2Ti02: JCPDS 13-
0316, CrNb04: JCPDS 34-0366, Nb205-Ti02: JCPDS 77-1374.
TG800-1500KZ5 (Nb - 24Ti - 18Si - 5Cr - 5A1)
20
measured
d (A)
measured
I/Io
measured
d(A)
reference
I/Io
reference Phase
3.750 100 NbjOs
23.8 3.736 61 3.750 70 3Nb205-Ti023.740 80 5Nb205-2Ti02
3.715 100 Nb205'Ti02
25 3.559 56 3.53 100 AlNb04
26 3.424 56 3.423 75 Nb20sTi023.42 80 5Nb205-2Ti02
32.1 2.786 45 2.780 50 3Nb205-Ti02
33 2.712 42 1.710 62 CrNb04
2.528 65 CrNb04
35.78 2.508 62 2.514 16 AlNb042.510 20 5Nb205-2Ti02
2.506 14 NbzOsTiOz
2.060 80 Nb20s
44.181 2.048 37 2.039 100 3Nb205-Ti02
2.040 40 5Nb205-2Ti02
1.901 31 Nb205*Ti02
47.696 1.905 29 1.907 30 3Nb205-Ti02
1.900 80 5Nb205-2Ti02
51.585 1.77 23 1.767 8 AlNb04
1.700 30 Nb20s
53.967 1.698 58 1.697 12 3Nb205-Ti02
1.696 6 AlNb04
58.6 1.574 17 1.574 20 3Nb205*Ti02
62.3 1.489 18 1.487 10 AlNb04
66.9 1.397 14 1.395 9 Nb20; TÎ021.394 10 3Nb205*Ti02
1.368 1 Nb205-Ti02
68.8 1.363 20 1.370 12 CrNb04
1.370 10 AlNb04
Nb20;: JCPDS 32-0711, 3Nb205-Ti02: JCPDS 09-0229, 5Nb20s 2Ti02: JCPDS 13-
0316, Nb205-Ti02: JCPDS 77-1374, CrNb04: JCPDS 34-0366, AlNb04: JCPDS 26-
0030.
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TG800-1400KZ2 (Nb-24Ti-18Si-8Cr-4AI)
20
measured
d (A )
measured
I/I«
measured
d (A) 
reference
I/Io
reference Phase
23.8 3.729 45
3.750
3.750 
3.740 
3.715
100
70
80
20
100
NbzOs
3Nb205-Ti02
5Nb205-2Ti02
Nb205-Ti02
25 3.559 38 3.53 100 AlNb0 4
26 3.424 39
3.420
3.420 
3.423
80
80
75
3Nb205*Ti02
5Nb205*2Ti02
Nb205-Ti02
32.216 2.776 33
2.790
2.780
2.780 
2.756
80
50
60
31
Nb20s
3Nb205-Ti02
5Nb205-2Ti02
NbzOgTiOz
33.3 2.688 24 2.6802.670
12
20
3Nb20;Ti02
5Nb20y2Ti02
35.804 2.506 60
2.528
2.514
2.510
2.506
65
16
20
14
CrNb0 4
AlNb04
5Nb205-2Ti02
Nb205*Ti02
39.013 2.307 26 2.3002.300
20
40
3Nb205-Ti02
5Nb20y2Ti02
44.178 2.048 23 2.0392.040
100
40
3Nb205*Ti02
5Nb205-2Ti02
47.728 1.904 20
1.901
1.907
1.900
31
30
80
Nb205-Ti02
3Nb205-Ti02
5Nb205-2Ti02
53.986 1.697 48
1.700
1.697
1.696
30
12
6
Nb20s
3Nb205*Ti02
AlNb04
58.7 1.572 12 1.5701.574
3
20
Nb205*Ti02
3Nb205-Ti02
62.1 1.493 12 1.4931.487
<1
10
Nb205-Ti02
AlNb04
63.7 1.46 13 1.4691.469
2
13
Nb205-Ti02
CrNb04
67.1 1.394 10 1.3951.394
9
10
Nb205-Ti02
3Nb205*Ti02
68.6 1.367 15 1.3701.370
12
10
CrNb04
AlNb04
81.9 1.175 7 1.170 10 Nb20s
88.9 1.1 8 1.110 6 CrNb0 4
94.6 1.048 9 1.05 12 3Nb20;Ti02
NbzOg TiOz: JCPDS 77-1374, NbzOg: JCPDS 32-0711, 3Nb20s Ti02: JCPDS 09- 
0229, 5Nb205-2Ti02: JCPDS 13-0316, Nb205-Ti02: JCPDS 77-1374, CrNb04: 
JCPDS 34-0366, AlNb04: JCPDS 26-0030.
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TG800-1400KZ8 (Nb-24Ti-6Ta-18Si-5Cr-4AI)
20
measured
d(A)
measured I/Iomeasured
d(A)
reference I/Ioreference Phase
3.750 100 Nb20s
3.750 70 3Nb205-Ti0223.9 3.72 44 3.740 80 5Nb205-2Ti02
3.72 20 2Nb205'Ta20s
3.715 100 Nb20;Ti02
25.1 3.545 39 3.54 100 2Nb20sT a20s3.53 100 AlNb04
3.420 80 3Nb205-Ti02
26.0 3.424 41 3.420 80 5Nb205-2Ti02
3.423 75 Nb205-Ti02
2.790 80 Nb20s
32.2 2.778 35 2.780 50 3Nb205-Ti022.780 60 5Nb205-2Ti02
2.756 31 Nb205-Ti02
33.4 2.681 27 2.680 12 3Nb205-Ti022.670 20 5Nb205-2Ti02
2.528 65 CrNb04
2.514 16 AlNb04
35.836 2.504 62 2.510 20 5Nb205-2Ti02
2.498 25 2Nb20s Ta205
2.506 14 NbzOgTiOz
2.300 20 3Nb205-Ti0239.036 2.305 29 2.300 40 5Nb205-2Ti02
2.292 6 Nb205-Ti02
44.2 2.047 23 2.039 100 3Nb205'Ti022.040 40 5Nb205-2Ti02
47.78 1.902 21 1.900 80 5Nb205'2Ti02
1.700 30 Nb20s
54.013 1.696 47 1.697 12 3Nb205-Ti02
1.696 6 AlNb04
55.3 1.66 20 1.663 25 3Nb205*Ti02
58.8 1.569 14 1.570 3 Nb205-Ti021.574 20 3Nb205-Ti02
62.3 1.489 14 1.484 3 Nb205-Ti021.487 10 AlNb04
63.7 1.46 15 1.469 13 CrNb041.469 2 Nb205-Ti02
67.1 1.394 12 1.395 9 Nb205*Ti021.394 10 3Nb205-Ti02
1.368 1 Nb205*Ti02
68.6 1.367 16 1.370 12 CrNb04
1.370 10 AlNb04
NbzOg: JCPDS 32-0711, 3Nb205-Ti02: JCPDS 09-0229, 
0316, Nb205-Ti02: JCPDS 77-1374, CrNb04i JCPDS 34 
0030, 2Nb205-Ta205: JCPDS 15-0114.
5Nb205-2Ti02: JCPDS 13- 
0366, AlNb04: JCPDS 26-
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APPENDIX 7
X-Ray diffraction data of the holder for the oxide powders
26
measured
d (A )
measured
I/Io
measured
20.342 4.362 75
23.0 3.864 50
24.2 3.675 43
25.2 3.531 43
27.2 3.276 40
28.3 3.151 42
29.363 3.039 100
31.5 2.838 39
36.0 2.493 33
39.396 2.285 33
41.2 2.189 25
43.2 2.092 27
47.535 1.911 28
48.509 1.875 26
57.5 1.601 16
2 2 0
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